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Abstract  
 
In the last decades, tendency amongst growers in Australia has been towards 
practising minimum disturbance for soil preparation and complete stubble retention. 
Consequently, farmers have reduced labour, energy and machinery costs, and 
improved soil quality and crop profitability. However, there is scepticism around such 
practices given the build-up of herbicide resistant weeds, stubble-borne diseases and 
nutrient stratification. To address these issues, occasional tillage (or strategic tillage, 
ST) has been applied to fields under long-term no-tillage (NT). ST aims to overcome 
constraints arisen by no-tillage and takes into account soil water content, tools for 
deployment and timing of application. Soil microbial communities play an important 
role in soil function and are often used as early indicators of soil disturbance due to 
their prompt response to environmental changes. I compared biological indicators of 
soil health including microbial biomass, microbial enzymatic activity, metabolic 
diversity, genetic structure; diversity of bacterial, archaeal and fungal communities, 
and abundances of nitrogen cycle genes to assess the impact of ST on long-term NT. 
I selected three sites under long-term NT: Biloela, Jimbour and Hermitage. For all 
sites, two soil depths were sampled, 0.0-0.1 m and 0.1-0.2 m. 
 
In Hermitage, ST was applied to soils under NT and conventional tillage (CT), in which 
stubble was retained. Soil samples were collected 3.5 and 13 months after ST 
operations. While it is clear that there would be immediate effects on soil biology, I 
chose these time points to allow a reasonable amount of time to evaluate whether 
microbial communities can restore and provide the ecosystem function needed for 
crop performance. I observed differences between NT and CT in enzymatic activity 
after 3.5 months, possibly attributed to physico-chemical properties and land 
management. However, one year after tillage deployment there were no changes in 
the biological indicators, microbial structure and diversity that were measured after ST. 
High throughput 16S rRNA gene amplicon sequencing targeting bacteria and archaea 
revealed 69 operational taxonomic units (OTU’s) at relative abundances higher than 
1%. The most abundant phyla were Crenarchaeota (25%) and Acidobacteria (28.1%). 
Fungal communities profiled by internal transcribed region (ITS) amplicon high 
throughput sequencing showed no significant differences between treatments. The 
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most abundant phylum was Ascomycota (60%) with a relative abundance higher than 
1%. Overall, the application of occasional tillage exerted minimal changes on the 
microbial communities in Hermitage. Edaphic properties of this Vertisol and 
environmental changes since ST application may have contributed to the results 
obtained. 
 
The impact of different tillage implements and frequencies on microbial indicators and 
community structure during fallow was evaluated in Jimbour and Biloela sites. Tillage 
was implemented in December 2012, January and March 2013 and included one, two 
or three passes of tillage. Compared to NT, ST did not impact significantly soil 
communities based on the wide range of biological indicators assessed. Changes 
were observed between soil depths and seems to be attributed to environmental 
factors. High resistance and/or resilience of Vertisols appears to be the major reason 
for these findings.  
 
Nevertheless, assessment of abundance of nitrogen cycle genes for the three sites 
showed a significant impact of ST management. In Hermitage and Jimbour, nitrogen 
fixers tended to be enriched after ST application probably due to organic residue 
incorporation, previously shown to influence the abundance of these organisms. In 
contrast, the abundance of nitrogen fixing communities tended to decrease on surface 
soils in Biloela. The decrease may be related to inorganic forms of N affecting the 
nitrogenase activity in diazotrophic communities. Ammonia oxidizing bacteria (AOB) 
had an increase in abundance after ST application in Hermitage for soils under NT. 
This increase was also observed after one-pass in March for surface soils in Biloela, 
one pass in December for subsoils and two passes in January for surface soils in 
Jimbour. Alternatively, AOB were supressed after one chisel pass in December 
subsoils and three passes on surface soils in Biloela. Tillage may increase the amount 
of ammonia in soils which may boost AOB communities. However, frequency and 
implement used for tillage can lower or enhance sources of mineral N after aggregate 
disruption. Nonetheless, ammonia oxidizing archaea (AOA) showed no significant 
changes for Hermitage, Biloela and Jimbour (after chisel use) after ST. However, two 
passes with offset-disc showed an increase in subsoils in Jimbour. The increase of 
AOA communities may be associated with low levels of fertilisers which can increment 
AOA abundance.  
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I conclude that the use of ST in no-till soils had minimal effect in the short-tem for 
Vertisols in Queensland. Despite slight changes observed in the biological indicators 
evaluated, more studies using different types of soils and different combination of 
crops would provide deeper insights into a broader picture of the microbial responses 
to ST. Thus, I provide evidence to suggest that ST can be considered a suitable 
approach. For Vertisols, it is suggested to use one pass during the fallow period 
applying a superficial tillage using disc or chisel. This study did not address long-term 
effects of ST and not all aspects of functional diversity of soil microbial communities. 
Future studies also follow up on the effect on N cycling, identified in the present study, 
on microbial communities, soil health and crop performance. 
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RESEARCH QUESTIONS & AIMS 
 
Tillage practices in Australia have been divided into three main systems: no-tillage, 
reduced tillage and conventional tillage. In recent years, the tendency between 
growers has been towards practising strict minimum disturbance and complete stubble 
retention in Australia. However, there is still a lack of confidence in the adoption of 
such rigid system. The increase of annual rainfall during recent years in the northern 
grains region is likely to favour the appearance of diseases, weeds and soil 
compaction/stratification in no-till farming systems and some conventional systems. 
Thus growers will have to adopt new strategies to battle against these issues. The 
main concern amongst growers is that tillage may cause serious negative long-term 
impacts to their system.  
 
The Grain Research and Development Corporation (GRDC) in agreement with the 
Department of Environment and Resource Management (DERM), Queensland 
Alliance for Agriculture and Food Innovation at the University of Queensland, and the 
Department of Employment, Economic Development and Innovation (DEEDI) have 
financed a project that in conjunction with farmers aims at investigating the impact of 
occasional tillage or strategic tillage (ST) in soils under long-term no-tillage. It is 
referred to as “strategic” tillage due to the use of an occasional tillage, which could be 
one-time in a few years to combat constraints of otherwise no-till systems. Compared 
to reduced tillage, ST aims to take into account edaphic properties minimising the 
effect of tillage. The project focuses on agronomic, chemical, physical, biological and 
profitability outcomes after ST deployment. In that order of ideas, my project will focus 
on the effects of strategic tillage, i.e. planned or opportunistic, on the diversity, 
structure and activity of soil microbial communities in wheat crops soils from the South 
Queensland region in Australia. I compared biological indicators of soil health including 
microbial activity, metabolic diversity and genetic structure at different times and 
frequencies after tillage. The hypothesis of this study was that strategic tillage does 
not affect negatively biological soil properties. The following specific aims were 
developed to address this question: 
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Aim 1: To measure biological indicators of soil quality for assessment of strategic tillage 
practices on no-till and conventional tillage systems in Australia’s northern grain-
growing region.  
 
Aim 2: To characterise bacterial, archaeal and fungal communities through high 
throughput sequencing after strategic tillage on conventional and no-till systems in 
Australia’s northern grain-growing region. 
 
Aim 3: To investigate bacterial genes involved in nitrogen cycling after strategic tillage 
on conventional tillage and no-till systems in Australia’s northern grain-growing region. 
 
This dissertation has been structured as follows: Chapter 1 first reviews the topic of 
tillage and soil biology. Chapter 2 then introduces culture-independent methods to 
characterise soil microbial communities. Chapters 3 and 4 measured biological 
indicators of soil quality for assessment of strategic tillage practices (aim 1) after 3 
months and 1 year of implementation, respectively. Time points were selected during 
the fallow period to measure the recovery/resistance capacity of soil microbial 
communities. Furthermore, in chapter 4, I characterised bacterial, archaeal and fungal 
communities through high throughput sequencing after strategic tillage in conventional 
and no-till systems at Hermitage research station (aim 2). In addition, the frequency, 
tool and time of ST deployment were evaluated in chapter 5 at Biloela and Jimbour 
sites (aim 3). To address functional attributes of soil microbial communities during ST, 
the last chapter 6 reports results on the evaluation of abundances of bacterial genes 
involved in nitrogen cycling after strategic tillage was applied to conventional tillage 
and no-till systems in Australia’s northern grain-growing region, which influence crop 
yields and soil fertility (aim 4). Finally, the results are discussed in the context of other 
aspects of the GRDC project, including yields, chemical and physical soil properties, 
as well as the effect of ST on weed occurrence and soil compaction/stratification. 
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Abstract 
 
For several years suboptimal land management, such as tillage and stubble burning, 
led to accelerated soil deterioration in Australia. The excessive use of tillage affected 
crop productivity and decreased soil health. Tillage can alter water and oxygen flow, 
soil structure, temperature and aggregate formation that directly or indirectly affect soil 
microbiomes. Microbial communities are involved in the different biogeochemical 
cycles and soil formation. Alterations to this habitat may compromise the productivity 
of soils. This chapter shows the impact of tillage on soil physicochemical properties 
and how these changes can affect the function and diversity of soil microbial 
communities. A better understanding of the soil properties interactions will help to 
improve land management and protect our soils from further deterioration. 
 
Keywords 
Conservation tillage; conventional tillage, No-tillage systems, Soil microbial 
communities, Soil physicochemical properties. 
 
1 Introduction 
 
Tillage practices in Australia have been divided into three main practices: no-tillage 
(NT) or zero tillage, reduced or minimum tillage and conventional or frequent, 
aggressive tillage. In recent years, the tendency among growers has been towards 
practising strict minimum disturbance and complete stubble retention in Australia, 
providing effective protection against soil erosion, improving soil health and crop yields 
(Holland et al., 1987). Zero or no-tillage practices have reduced seeding times, 
decreased the risk of soil erosion and increased retention of organic matter (D’Emden 
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et al., 2008). However, the adoption of this system has grown at a slow pace, even 
though there has been a number of research, development and extension investments 
to promote and demonstrate its benefits. There is still a lack of confidence in the 
adoption of such a rigid system due to (i) build-up of stubble-borne diseases; (ii) hard-
to-kill weeds; (iii) weed resistance to herbicides; (iv) nutrient stratification and (v) 
concerns on the effect of the use of herbicides on- and off-site (Thomas et al., 2007). 
Furthermore, the increase of annual rainfall during recent years in the north-eastern 
Australia’s grains growing region proliferates the appearance of diseases and weed in 
no-till farming systems and some conventional systems, thus growers will have to 
adopt new strategies to battle against them. However, the main concern among 
growers is that tillage will cause serious negative long-term impacts to their system 
(Crawford et al., 2014, Dang et al., 2015).  
 
Tillage in Australia has evolved from the knowledge of the first European settlers, who 
had more expertise on fertile soils and high precipitation weather conditions. History 
showed that this knowledge was not suited to the Australian environment where 
precipitation is low and unreliable and evaporation often exceeds rainfall (Russell and 
Isbell, 1986). By the end of the nineteenth century, the consequence of land 
mismanagement was severe soil erosion; therefore farmers were called to take action. 
Sand Drift Act 1923 was created to give power to landowners to take control over their 
neighbours’ land if there was any drifting sand problems (Chisholm and Dumsday, 
1987). In the 1930s soil erosion declined due to wheat/fallow rotation. As a result, the 
agricultural ministers with the Council for Scientific and Industrial Research (currently 
known as CSIRO) formed a committee to make improvements in the use of soils for 
all states in Australia. The Soil Conservation Act 1939 was then created with a focus 
on wind and water erosion, and enforced the preservation of trees on roadsides to 
protect groundcover, as well as the acquisition of land for creation of reserves for soil 
conservation. Nine years later, the act was amended and emphasised more on soil 
conservation education and investigation. Moreover, soil conservation boards were 
created to contribute with reports and proposals on soil erosion and soil conservation 
(Chisholm and Dumsday, 1987, Davis and Gale, 2013).  
 
The long-term use of conventional tillage caused deterioration in soil landscapes, 
mainly due to inappropriate and excessive tillage, decline in organic matter content, 
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sodicity, erosion and compaction by wheel traffic. As a result, crop water use efficiency 
decreased and crop yields were affected. During the 1960s, the Queensland 
Government started a conservation service to decelerate soil erosion. The program 
aimed at increasing the retention of soil residues and paired field management with its 
capacity. Throughout this period, zero and no-tillage practices were introduced as a 
demonstration for soil conservation and enhanced productivity (Thomas et al., 2007). 
This chapter shows the impact of tillage on soil physico-chemical and biological 
properties and their impacts on the function and diversity of soil microbial communities. 
 
2. Effect of tillage systems on the physico-chemical and biological properties 
of soil 
 
Tillage and cropping systems clearly have an influence on the soil chemical, physical 
and biological properties (Figure 1). The degree of soil disturbance and the use of crop 
residues influence moisture, temperature, aeration and the availability of organic 
compounds and minerals for the soil biota. This conglomerate of elements can affect 
population, diversity and activity of the different soil organisms. Besides, soil 
communities also have an impact on soil physical and chemical conditions. From 
macrofauna to microfauna, all parts interact and therefore play a role in nutrient cycling 
and organic matter decomposition. Here, we explain how soil porosity, soil moisture 
and texture, temperature and pH are affected by tillage and its repercussion on 
microbial communities  
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Figure 1. Impact of tillage on soil physical and chemical properties can alter microbial 
community interactions. Depending on the type of tillage used, for example it can 
disrupt soil aggregates and affect porosity, change localised oxygen levels, reduce 
water holding capacity and lead to a reduction in microbial biomass. 
 
2.1 Soil texture and soil structure 
 
Soil texture plays an important role in nutrient management. For instance, finer texture 
soils tend to have greater capability to store soil nutrients. Soil structure is given by 
the arrangement of soil particles, which can strongly bind to each other and form 
aggregates. Soil microorganisms, roots and mineral particles help to form aggregates 
in soil. They can excrete substances that help to cement soil particles. Roots also 
excrete sugars that help to bind minerals. Stable aggregates are valuable for 
productive soils; however, the stability of the aggregate will depend on the minerals 
present in the soil (Brown, 2014).  
 
Soil texture influences the distribution of minerals, organic matter retention, microbial 
biomass and other soil properties. For instance, the highest contents of soil organic 
carbon (SOC) and total nitrogen are found in fine-textured soils, whereas the lowest 
were found on coarse-textured soils (Silver et al., 2000). Matus et al. (2007) observed 
that soil organic carbon tends to associate with finer fractions of soils like clay-rich 
soils. Meanwhile, fine-textured soils have more stable aggregates that contain greater 
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amounts of carbon and nitrogen (Raiesi, 2006).  In comparison to clay soils, sandy 
soils retain water and nutrients for a shorter period of time (Hamarashid et al., 2010). 
As well, soil types influence the structure of microbial communities. Fine-textured soils 
support a higher microbial biomass than coarse-textured soils (Carney and Matson, 
2005). The distribution of soil microorganisms in soils with different texture and 
aggregate arrangement stability may be explained by soil moisture and nutrient 
availability.  
 
2.2 Soil porosity and soil moisture 
 
The use of different tillage practices can change soil physical properties, such as 
water-holding capacity, pore size distribution and aggregation. The available habitats 
are demarcated by the topography of the soil pore network. The interaction between 
organisms will be defined by these delimited spaces and connections between the 
pores. Tillage evidently affects the size, distribution and topography of pore networks, 
consequently influencing access to oxygen, substrates and water for the different 
organisms. For instance, comparing no-till systems over conventional tillage it is found 
that the former result in a reduction of macroporosity in no-till soils. Besides, the 
formation of new pores might decrease water and gas movement (Drees et al., 1994, 
Shipitalo and Protz, 1987). Water films can restrict the entrance of oxygen and other 
gases into the pores, which impact biological processes. Moreover, water can act as 
a corridor to easily connect long points, which are far from each other, being therefore 
essential for organism migration. The physical protection of the pore can affect the 
interaction and availability of substrates. This is the case of organic matter and clay 
particles, which can seal organic matter into pores, restricting access of some 
organisms (Adu and Oades, 1978, Beare et al., 1994). When soils are tilled, new 
rearrangements of pore networks are created, which allows newly exposed substrates 
to be used until a new balance is reached (Young and Ritz, 2000).  
 
Tillage causes new pore structures to interfere with the translocation and 
transportation of gases that are vital for survival and functioning of microorganisms. If 
oxygen flow decreases, aerobic activity will cease and in the presence of nitrate 
denitrification will occur. Water films play an important role in the diffusion of these 
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gasses; therefore, moisture in pores is vital to control diffusion rates in any point of the 
aggregates. Good moisture distribution is important to complete several processes like 
mineralisation and denitrification (Young and Ritz, 2000). Any changes in aeration and 
soil compaction can induce changes in composition and activity of microbial 
communities, consequently, crops sustainability and soil fertility can be affected (Ceja-
Navarro et al., 2010).  
 
Soil water management is essential for soil health and crop production. Soil moisture 
depends mainly on soil properties and appropriate tillage treatment. For instance, no-
tillage systems result in higher water contents compared to conventionally tilled soils 
due to a decrease of evaporation (Mitchell et al., 2012, Blevins et al., 1971). Water 
content in soils influences microbial communities indirectly and directly through 
impacts on nutrient availability and oxygen concentrations. Elevated water flows 
reduce oxygen and facultative and anaerobic microorganisms take over, whereas low 
water content results in lower microbial activity and selects for spore formers and fungi 
(Sylvia et al., 2005). Previous studies on agricultural soils showed that there is a strong 
correlation between soil water and organic carbon availability as determinants of 
microbial community composition (Drenovsky et al., 2004, Williams and Rice, 2007). 
 
2.3 Soil temperature and soil pH 
 
Other soil properties including temperature and pH can alter interactions within soil 
communities. Tillage practices can reduce soil temperature at different depths. This 
can be attributed to heat flux changes and total heat input on the soil profile (Johnson 
and Lowery, 1985). Furthermore, residues left on the surface can affect soil 
temperatures, changing the radiant energy balance of the system. Radiation balance 
is influenced by the reflection of the radiation by surface residues, water evaporation 
and heating of soil and air (Van Doren and Allmaras, 1978). Zogg et al. (1997) 
suggested that microbial community composition can be affected by soil temperature 
through changes in the kinetics of microbial respiration. Temperature can affect 
microbial activity directly or indirectly by changing microbial biomass and enzymatic 
activity (Insam, 1990, McClaugherty and Linkins, 1990). Furthermore, research on 
seasonal temperature variation has shown that low microbial biomass can be 
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associated with high temperatures and low-moisture conditions. Both of these 
environmental variables have been pointed out to be so closely related that it is difficult 
to isolate the effect of these variables individually on soil microbial communities 
(Gunapala and Scow, 1998).  
 
Dick (1983) compared three different tillage treatments: no-tillage, minimum tillage and 
conventional tillage. No-tillage decreased pH levels compared to minimum tillage and 
conventional tillage through the top 30 cm soil depth. The study concluded that 
continuous tillage could change the distribution of C, N and P and pH on soils profiles. 
As a result, soil microbial communities can be strongly affected by these changes in 
soil pH. For instance, fungal respiration increases under acidic conditions while 
bacterial respiration decreases (Bewley and Parkinson, 1985, Anderson and Domsch, 
1973, Blagodatskaya and Anderson, 1998). Both abiotic and biotic factors are 
influenced by soil pH. These abiotic factors include carbon availability, nutrient 
availability (Kemmitt et al., 2006) and solubility of metals (Flis et al., 1993). Microbial 
biomass and enzymatic activity are examples of those pH-affected biotic factors 
(Fierer and Jackson, 2006, Dick et al., 2000).  
 
2.4 Soil organic carbon 
 
Soil organic carbon is the largest active carbon pool in the terrestrial ecosystems. More 
than two-thirds of SOC is contained in soil organic matter (OM) which directly supports 
microbial, plant and animal life. In turn, soil microbes contribute to the formation of 
SOC (Bellamy et al., 2005; McGill et al., 1975). Soil OM plays important roles in 
biological, chemical and physical processes within the soil. It acts as both a source 
and sink of atmospheric CO2, and influences climate change through greenhouse gas 
emissions (Trumbore and Czimczik, 2008).   
 
In general, tillage has been shown to result in a decline of SOC through fragmentation 
of macro-aggregates, thereby improving microbial access to aggregate-protected soil 
carbon (Six et al., 2004) and/or by stimulating decomposition of soil carbon (Fontaine 
et al., 2007). The decline in SOC due to tillage is likely to result from both short-term 
and long-term effects. Short-term effects of tillage result from the physical soil 
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disturbance and aggregate disruption occurring during tillage, while long-term effects 
include changes in physical, chemical and biological soil properties after several years 
of tillage (Oorts et al., 2007).  On the other hand, tillage incorporates aboveground 
fresh organic matter into soil, which provides nutrients and energy for microbial growth 
and therefore stimulates the decomposition of soil carbon (Luo et al., 2010). 
 
A number of studies have reported higher concentrations of SOC in NT systems as 
compared to CT systems; however, these differences were restricted to the surface 
soil (<0.10 m soil depth). In general, labile SOC is considered to be more easily 
decomposed by soil microbes and lost due to tillage than humic SOC (Grandy et al., 
2006). These differences in SOC concentration between two systems can be 
attributed to a greater input of carbon via plant residues and/or decreased 
decomposition of SOC in the NT systems (Page et al., 2013).  
 
2.5 Tillage effects in Vertisols 
 
Vertisols are one of the most common soils in Queensland. They represent nearly 50 
million ha of land that is used to cultivate most crop species in Queensland (Freebairn 
et al 1986). Vertisols are characterised for expansive clay that can self-mulch 
according to water content, causing a deep Horizon A. Besides, Vertisols tend to have 
low to moderate organic matter. Tillage operations are suggested to be reduced or 
controlled in this type of soils to avoid water loss and/or soil erosion (Syers et al., 
2001). In addition, tillage may reduce organic matter enhancing mineralisation of 
stubble and cause soil matrix disruption and an increase in aeration (Sainju et al., 
2006). Land management can define the microbial communities associated with 
Vertisols. For instance, Chavez-Romero et al. (2016) showed that stubble 
management and fertilisation influence bacterial community structure in soils under 
wheat-maize rotation. Furthermore, the interaction between tillage and crop rotation 
influences C and N fractions, which may affect microbial communities (Melero et al., 
2011; Wright et al., 2005). Further studies in agricultural management for Vertisols are 
necessary to establish a sustainable crop production without affecting soil health. 
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3. Conclusions and future prospects 
 
It is clear that soil microbial communities are responsive to disturbances on soils. 
Consequently, changes in nutrient input, climate change and soil management have 
the potential to indirectly or directly alter community diversity and potentially impact a 
range of soil functions. Recent studies have demonstrated that changes in soil 
communities across space are strongly related with changes in soil chemistry (Frey et 
al., 2004, Nilsson et al., 2007, Lauber et al., 2009). It is of paramount importance to 
conduct comprehensive studies, which takes into account a number of different 
variables (biotic and abiotic) that affect soil microbial communities for a better 
understanding of processes occurring in the soils. In that way, sustainable alternatives 
of soil management can then be proposed. 
 
Australia will face a big challenge as climate change keeps affecting cropping systems. 
It will require adaptation and mitigation procedures according to each regional 
condition. According to the Food and Agriculture Organization, food production needs 
to increase 70% by 2050 (FAO, 2009). The challenge is to increase production and be 
sustainable. Identifying the biotic and abiotic factors that determine microbial 
community composition will provide a better understanding of microbial processes. 
Insight into microbial community composition and the factors that determine them may 
provide insights into improved biogeochemical and biodegradation processes, food 
web dynamics and overall soil quality.  
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Chapter 2: Culture-independent molecular tools for soil and rhizosphere 
microbiology. 
 
Overview 
 
Chapter 1 discussed the effects of tillage for soil physicochemical properties and soil 
microbial communities. To measure the effect of tillage in Vertisols, the literature 
review in chapter 2 highlights the advantages and disadvantages of different culture-
independent methods to analyse microbial communities as bioindicators. This 
provides an overview of methods with the intention that some of these can be used to 
answer key questions in this thesis. 
 
 
 
Highlights 
 
 I present the most commonly used traditional as well as new culture-
independent molecular methods to assess the diversity and function of soil 
microbial communities. 
 
 I discuss advantages and disadvantages of the different techniques and provide 
a perspective on emerging technologies for soil community profiling. 
 
- .
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Abstract 
 
Soil microbial communities play an important role in plant health and soil quality. 
Researchers have developed a wide range of methods for studying the structure, 
diversity, and activity of microbes to better understand soil biology and plant-microbe 
interactions. Functional microbiological analyses of the rhizosphere have given new 
insights into the role of microbial communities in plant nutrition and plant protection 
against diseases. In this review, we present the most commonly used traditional as 
well as new culture-independent molecular methods to assess the diversity and 
function of soil microbial communities. Furthermore, we discuss advantages and 
disadvantages of these techniques and provide a perspective on emerging 
technologies for soil microbial community profiling.  
 
Keywords 
 
DNA microarray; fatty acid analysis; molecular fingerprinting methods; next generation 
sequencing; plant-microbe interactions; rhizosphere biology; soil quality; soil microbial 
communities 
 
1. Introduction 
 
One of the biggest challenges in agriculture nowadays is to increase yield and 
sustainability of crop production as the global population is approaching nine billion 
people by 2050 [1]. According to projections of the Food and Agriculture Organization 
of the United Nations (FAO), the demand for cereals will increase by 70% and will 
double in developing countries [2]. To increase the yield of basic food grains, additional 
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inputs for crop production are needed and new technologies are essential for 
managing soil nutrients as well as crop pests and diseases.  
 
Soil quality is believed to be an integrative indicator of environmental quality, food 
security and economic viability [3]. Soil quality was defined as ‘the capacity of a 
specific kind of soil to function, within natural managed ecosystem boundaries, to 
sustain plant and animal productivity, maintain or enhance water and air quality, and 
support human health and habitation’ [4]. Therefore, the evaluation of soil quality will 
be closely associated with the role for which the soil was designated. Intensive soil 
exploitation particularly for agriculture has led to physical, chemical and biological 
changes as well as soil erosion that are compromising plant health and sustainability 
of crops. Soil quality has been decreasing dramatically due to the exacerbated 
anthropogenic disturbance that accelerates the degradation and desertification of soils 
[5].  
 
Deficiencies of soil minerals that are not commonly included in fertilisers (e.g. sulfur) 
are becoming increasingly common and may reduce drastically plant growth and crop 
yields [6]. Mineral plant nutrition includes the supply, absorption and utilization of 
essential nutrients for the growth and yield of crop plants [7]. Plants require at least 17 
different minerals for adequate nutrition. Several factors including soil, plant species, 
microbial interactions, and environment can affect the acquisition of these nutrients.  
 
Microbial communities play an important role in nutrient cycling by mineralizing and 
decomposing organic material, which are released into the soil as nutrients that are 
essential for plant growth. These communities can influence nutrient availability by 
solubilization, chelation, and oxidation/reduction processes. In addition, soil 
microorganisms may affect nutrient uptake and plant growth by the release of growth 
stimulating or inhibiting substances that influence root physiology and root 
architecture. It has been suggested that microbial inoculants are promising 
components for integrated solutions to agro-environmental problems because 
inoculants possess the capacity to promote plant growth [8,9], enhance nutrient 
availability and uptake [10-12], and improve plant health [12]. 
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No single agricultural practice is sufficient to guarantee the quality of soils. However, 
changes in microbial communities could be used to predict the effects of soil quality 
by different environmental and anthropogenic factors. In addition, knowledge on soil 
microbial processes will provide insight into how agricultural practices such as tillage 
systems can be better managed to increase soil quality. In this review, we describe 
and discuss advantages and disadvantages of conventional and modern 
microbiological approaches to evaluate soil quality and access alternatives to increase 
crop yield. 
 
2. Rhizosphere Plant-Microbe Interactions 
 
The rhizosphere is one of the most complex environments with thousands of 
interactions that play crucial roles for plant health. Plants secrete up to 40% of 
photosynthates that reach the roots into the rhizosphere [12]. Because most of the 
soils are carbon deficient, these hot spots of carbon increase the microbial densities 
from 10 to 1000 times, compared to bulk soil [13]. The elevated concentration of 
microorganisms in this particular region is due to an exchange of nutrients between 
the plant and the different communities surrounding the root, which allows different 
types of associations (Figure 1). A number of factors have been shown to influence 
the quantity and quality of root exudates including plant species [14], soil type [15,16], 
developmental stage [17], and nutritional status [18]. If specific elements associated 
to the release of such exudates are better understood, novel approaches to enhance 
beneficial microbial communities could be proposed.  
 
Recent studies have revealed that plants are able to shape their rhizosphere 
microbiome [12,19,20]. Some plant species have been demonstrated to host specific 
communities and attract protective microorganisms to suppress pathogens in the 
rhizosphere [21]. Soil physical, chemical and biological properties will also play an 
important role in the establishment of such plant-microbe interactions [12]. Although 
pathogens can severely affect plant health, certain beneficial bacteria and fungi that 
also thrive in the rhizosphere, or inside plant tissues, also known as endophytes, can 
compete with these pathogens for space and nutrients; therefore exert an antagonistic 
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effect on them. [22,23]. Root-associated beneficial soil bacteria are generally known 
as Plant Growth Promoting Rhizobacteria (PGPR). 
 
 
Figure 1. Examples of plant-microbe interactions in the rhizosphere. Plant roots 
release exudates containing sugars, organic acids, and amino acids that may attract 
microbes. In exchange, they protect the plant against pathogens releasing 
antimicrobial compounds; or increase nutrient uptake. On the other hand, these 
carbon-containing compounds can also attract pathogens. They can compete for 
nutrients, infect the plant, and affect the rhizosphere microbial community. 
 
PGPR grow in, on, or around root plant tissue and enhance plant growth, increase 
yield, protect plant against pathogens, and/or reduce abiotic or biotic stress [24]. 
Growth promotion can be achieved directly by the interaction between the microbe 
and the host, as well as indirectly, due to antagonistic activities against plant 
pathogens. Various interacting microbes produce phytohormones, which have been 
shown to inhibit or promote root growth, protect plants against biotic or abiotic stress, 
and improve nutrient acquisition by roots [25,26]. PGPR represent an environmentally 
sustainable alternative to increase crop production and plant health as they have the 
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potential to at least partially replace chemical fertilisers and pesticides and their use 
may then be reduced (Figure 1). 
 
An interesting example of the role of microbial communities in plant nutrition and health 
is the interaction between rhizosphere fluorescent pseudomonas and plants. Plants 
reduce soil iron (Fe) availability by acquiring iron and releasing exudates which attract 
to the rhizosphere microbes that also utilises Fe. In Fe-stressed environment, 
siderophore-producing bacterial populations are enriched, which then suppress 
pathogens such as fungi and oomycetes through competition for Fe. The plants, 
however, are able to utilize siderophores-bound iron, which enhances their growth 
[27]. Another instance applied to plant disease suppression is the ability of resident 
microbiota in suppressive soils or compost to prevent pathogen infection [28]. In a soil 
suppressive to the fungal pathogen Rhizoctonia solani, Proteobacteria, Firmicutes, 
and Actinobacteria were prominent taxa found to be involved in disease suppression 
[21]. There is also evidence to suggest that plants may use microbial communities to 
their own benefit to avoid infections [21]. 
 
The presence of potentially toxic compounds, low availability of essential minerals and 
pathogens in the soil often restrict crop production. To address these issues, 
numerous studies have focused on specific genes from plants and microbes that are 
involved in nutrient uptake and defence against pathogens [29-31]. Different molecular 
techniques have been used to conduct these studies. These methods range from 
DNA-based techniques [32,33], microscopic observation of labeled microorganisms 
colonizing roots [34,35], and incorporation of labeled nutrient substrates [36-38].  
 
Using molecular methods to address research questions in soil environments is often 
challenging given the intrinsic characteristics of soil samples. The most common 
problems include presence of enzyme-inhibiting organic compounds such as humic 
and fulvic acids, as well as low extraction yields due to adsorption of nucleic acids to 
soil particles, incomplete cell lysis and DNase and RNase contamination [39,40]. 
Extraction methods using bead-beating are the most used and they were shown to be 
so far the most efficient to overcome the problem of adsorption of nucleic acids to soil 
particles [41]. RNA-based studies are even more challenging because of the higher 
instability of RNA molecules compared to DNA. The ubiquity and stability of RNases 
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make it difficult to obtain RNase-free environments. In addition, often mRNA is 
fragmented even before cell lysis, because of simultaneous transcription and 
translation occurring in archaeal and bacterial cells [42]. For approaches that focus on 
mRNA, such as microarray and metatranscriptomics analysis, often a rRNA 
subtraction step is advised as only up to 5 % of extracted total RNA is comprised of 
mRNA. For this purpose, several methods have been developed and a comprehensive 
review describing methods and alternatives to deal with most methodological 
problems can be found elsewhere [43]. In the following sections, some of the methods 
that have been used as indicators of soil quality are briefly described and advantages 
and disadvantages are discussed.  
 
3. Methods for Studying Microbial Communities  
 
Robust indicators are necessary to monitor changes in soil quality. One of the 
advantages to study soil microorganisms is their rapid response to disturbances; 
therefore they may provide instant information about soil health. During the last 
decade, new molecular, enzymatic, and organism-based techniques have been 
developed to diagnose soil health and complement existing physicochemical 
properties [44]. These techniques have been systematically evaluated for their 
sensitivity and capacity to discriminate between types and uses of soils, as well as 
their ecological relevance. A summary of advantages and disadvantages inherent to 
each method is summarised in Table 1. 
52 
Table 1. Advantages and disadvantages of molecular methods described in this study 
to characterise soil microbial communities. Methods are sorted based on their ability 
to profile microbial biomass, diversity or activity. Chloroform Fumigation-Extraction 
(CFE); Phospholipid Fatty Acid Analysis (PLFA); Quantitative PCR (Q-PCR); 
Denaturing Gradient Gel Electrophoresis (DGGE); Temperature Gradient Gel 
Electrophoresis (TGGE); Single-Strand Conformation Polymorphism (SSCP); 
Terminal Restriction Fragment Length Polymorphism Fingerprinting (T-RFLP); 
Automated Ribosomal Intergenic Spacer Analysis (ARISA/RISA); Length-
Heterogeneity PCR (LH-PCR); Random Amplified Polymorphic DNA (RAPD); 
Amplified Ribosomal DNA Restriction Analysis (ARDRA); Fluorescence In Situ 
hybridization (FISH); Fluorescein Diacetate (FDA); Stable-Isotope Probing (SIP).  
 
 Methods Advantages Disadvantages Ref. 
B
IO
M
A
S
S
 
CFE 
 
-Measurements of microbial biomass 
can be done in recently added and 
freshly decomposed substrates 
-Clay soils may need to be corrected for the 
amount of chloroform C added to assess the 
concentration of biomass C 
[45,46] 
PLFA 
-Sensitive detection and accurate 
quantification of different microbial 
groups 
-Rapid and efficient 
-Useful information on the dynamics of 
viable bacteria 
-Reproducible 
-Time consuming 
-Low number of samples can be treated at the 
same time 
[47] 
Q-PCR  
-Quick, accurate and highly sensitive 
method for sequence quantification that 
can also be used to quantify microbial 
groups 
-Relatively cheap and easy to implement 
-Specific amplification can be confirmed by 
melting curve analysis. 
-Can only be used for targeting of known 
sequences. 
-DNA impurities and artifacts may create false-
positives or inhibit amplification. 
[48] 
D
IV
E
R
S
IT
Y
 
DGGE/ 
TGGE 
-Sensitive to variation in DNA 
sequences 
-Bands can be excised, cloned and 
sequenced for identification 
-Time consuming 
-Multiple bands for a single species can be 
generated due to micro-heterogeneity 
-Can be used only for short fragments 
-Complex communities may appear smeared 
due to a large number of bands 
-Difficult to reproduce (gel to gel variation) 
[49] 
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 Methods Advantages Disadvantages Ref. 
D
IV
E
R
S
IT
Y
 
SSCP 
-Community members can be identified 
-Screening of potential variations in 
sequences 
-Helps to identify new mutations 
-Short fragments 
-Lack of reproducibility 
-Several factors like mutation and size of 
fragments can affect the sensitivity of the 
method  
[50] 
T-RFLP 
-Enables analyses of a wide array of 
microbes 
-Highly reproducible  
-Convenient way to store data and 
compare between different samples  
-Artifacts might appear as false peaks 
-Distinct sequences sharing a restriction site 
will result in one peak. 
-Unable to retrieve sequences 
[49,51,52] 
RISA/ 
ARISA 
-High resolution when detecting 
microbial diversity 
-Quick and sensitive  
 
-More than one peak could be generated for 
a single organisms 
-Similar spacer length in unrelated 
organisms may lead to underestimations of 
community diversity 
[49] 
LH-PCR 
-Results are reproducible 
-Easy and rapid 
-Efficient and reliable 
 
-Limited by the bacterial species known in 
public databases 
-Not enough information is available for 
fragment length on databases to compare 
LH-PCR lengths with environmental 
microorganisms. 
[52–54] 
RAPD 
-Suitable for unknown genomes 
-Requires low quantities of DNA. 
-Efficient, fast and low cost 
-Low reproducibility 
-Sensitive to reaction conditions 
[55,56] 
ARDRA 
 
-Highly useful for detection of structural 
changes in simple microbial 
communities 
-No special equipment required 
 
-More applicable to environments with low 
complexity 
-Several restrictions are needed for 
adequate resolution 
-Labor- and time-intensive 
-Different bands can belong to the same 
group 
[51] 
FISH 
-Allows detection and spatial 
distribution of more than one samples 
at the same time 
 
-Autofluorescence of microorganisms 
-Accuracy and reliability is highly dependent 
on specificity of probe(s) 
[57] 
DNA  
ARRAY 
 
-Analyses a vast amount of genetic 
information simultaneously  
 
-Requires the construction of an array and 
access to a scanner 
-Issues with specificity/cross hybridization 
-Requires normalization  
-Sensitivity and reproducibility can be 
problematic 
-Limited by the presence of probes on the 
array 
[58,59] 
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 Methods Advantages Disadvantages Ref. 
 
Next 
Generation 
Sequencing 
(16S rRNA 
amplicon 
sequencing) 
-Rapid method to assess biodiversity and 
abundance of many species/organizational 
taxonomic units simultaneously and at a 
considerable depth compared to the methods 
that have been available so far 
-Relatively expensive 
-Replication and statistical analysis are 
essential 
-Computational intensive 
-Challenging in terms of data analysis  
 
Next 
Generation  
Sequencing 
(metagenomic
s) 
-Biodiversity can be studied in more detail 
-Captures polymorphism in microbial 
communities 
-Reveals the presence of thousands of 
microbial genomes simultaneously 
-Provides information about the functions 
of microbial communities in a given 
environment 
-High cost 
-Data analysis is challenging and time-
consuming 
-Difficult to use for low-abundance communities. 
-The high biodiversity in soil leads to many 
incomplete genomes  
-Current sequencing methods and computing 
power still in its infancy to the high biodiversity 
in soil 
[60,61
] 
A
C
T
IV
IT
Y
 
FDA 
-Low-cost, easy and fast method to 
measure microbial activity for soil 
samples 
-The measurement of soil microbes by FDA can 
be contaminated by external sources, e.g. plant 
matter 
[62,63
] 
SIP 
-High sensitivity 
-Provides evidence on the function of 
microorganisms in a controlled 
experimental setup 
-Incubation and cycling of the stable isotope 
might cause biases within the microbial 
communities 
[64] 
Functional 
Gene 
Arrays  
(RNA-
based) 
-Analyses a vast amount of genetic 
information simultaneously  
 
-Requires the construction of an array and 
access to a scanner 
-Issues with specificity/cross hybridization 
-Requires normalization  
-Insufficient sensitivity and reproducibility can be 
problematic 
-Limited by the presence of probes on the array  
-Issues with RNA extraction from soil 
[58,59
] 
Next 
Generation 
Sequencing 
(Metatranscr
iptomics) 
-Allows rRNA and/or mRNA profiling and 
quantification without prior knowledge of 
sequence 
-Provides a snapshot of microbial 
transcripts at the time of sampling that 
may allow deduction of microbial 
ecosystem function 
-Helps to understand the response of 
microbial communities to changes in their 
environment 
-Many issues with isolation of RNA from soil 
-mRNA isolation and often amplification are 
required for gene expression analyses 
-Current sequencing methods, data bases and 
computing power are not sufficient yet to cover the 
high biodiversity in soil. 
[43,65
] 
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3.1. Low to Medium Resolution Fingerprinting Methods Based on PCR Analysis 
 
Since a few decades ago, molecular approaches have been used to investigate the 
diversity and composition of soil communities. DNA arrays, fatty acid analysis, 
fingerprinting, and in situ techniques (FISH) are commonly used to assess soil quality. 
Many genetic fingerprinting techniques are based on PCR amplification that provides 
information about the genetic structure of a community. They can be divided into two 
groups according to the differential electrophoretic migration on agarose or 
polyacrylamide gels: 1) migration depending on the size (T-RFLP, ARISA/RISA, 
RAPD, SSCP, LH-PCR) and 2) migration depending on the sequence (DGGE, TGGE; 
abbreviations are explained below). The generation of amplified fragments by selected 
primers can be used to evaluate the community structure of microbial populations. 
These approaches are particularly useful for comparing bacterial communities [66]. 
The main advantages and disadvantages of each method described below are 
summarised in Table 1 and further discussed in Section 4 to assist with methods 
choice and possible complimentary approaches. For example, all PCR based 
fingerprinting methods are likely to underestimate diversity, but are useful for tracking 
the dominant members of the community in complex environments such as soil. This 
is because PCR typically preferentially amplifies short fragments, with weak secondary 
structures (low GC contents), and from cells that provide easily extractable DNA [67]. 
Advantages of DGGE/TGGE, SSCP, ARISA/RISA, LH-PCR, RAPD in comparison to 
the other PCR-based fingerprinting methods include (i) fast evaluation of community 
changes, (ii) there is no need to clean-up of amplification products or digestion with 
restriction enzymes [53].  
 
3.1.1. DGGE/TGGE  
Denaturing Gradient Gel Electrophoresis (DGGE) and Temperature Gradient Gel 
Electrophoresis (TGGE) were developed to separate PCR-amplified ribosomal DNA 
fragments of DNA with the same length but with variation in nucleotide composition. 
Over the years these methods were adapted to analyze bacterial community structure. 
The separation principle for both methods is applying a linear gradient of DNA 
denaturing agents (such as a mixture of formamide and urea in DGGE), or 
temperature (TGGE) on polyacrylamide gels to influence the electrophoretic mobility 
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of partially melted double-stranded DNA. Melting temperatures are associated to the 
sequence, and DNA fragments stop migrating when regions of base-pairs with the 
lowest melting temperature reach this temperature. This occurs due to a transition of 
conformation from helical to partially melted, and consequently the movement along 
the electric field will stop. A GC clamp (GC rich sequence) attached to the 5′–end is 
used as a special primer to anchor the PCR fragments and prevent them from 
completely dissociating. Soil bacterial dynamics, structure, and diversity are still being 
assessed through these methods but have also been increasingly replaced by the 
advent of high-throughput sequencing platforms. This is because DGGE and TGGE 
can only detect the most abundant organisms present in the bacterial community. In 
addition, interpretation can be misleading as a single band may represent multiple 
species and same species may be represented by multiple bands [68,69].  
Taxon-specific primers combined with nested PCR have then been developed to 
profile microbial populations that occur in low abundance and appear to be able to 
show congruent results with more thorough methods such as 16S rRNA gene 
amplicon pyrosequencing to profile low abundance microbial populations [70]. These 
methods have contributed to elucidate changes in microbial community structure in 
response to long-term effects of diverse minerals and molecules [71–73]. Different 
rhizosphere studies have utilized DGGE/TGGE methods to compare microbial 
communities under shifting conditions. For instance, Zhou and Wu (2012) identified 
changes in structure and composition of bacterial and fungal communities under 
different concentrations of the autotoxin [74]. In addition, molecular fingerprinting of 
microbial communities demonstrated changes in environmental conditions at a volcanic 
CO2 vent reported by Frerichs et al. 2012 [75]. Another study reported the effect of 
genetically modified microorganisms introduced for rhizoremediation and their impact 
on native community structure of eubacteria, α and β–proteobacteria, actinobacteria, 
and acidobacteria using TGGE [76]. In general, gradient gel electrophoresis-based 
methods are more laborious compared to other fingerprinting methods using gel 
electrophoresis, such as RISA or RAPD (described below).  
 
3.1.2. T-RFLP 
Terminal restriction fragment length polymorphism fingerprinting (T-RLFP) uses 
either the 5′ PCR primer, or both primers, labeled with a fluorescent dye. The labeled 
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primer allows the tagging of amplification products that are then digested with one or 
several restriction enzymes, which result in labeled terminal restriction fragments 
whose sizes are determined by capillary methods or on a sequencing gel [77]. As 
different soil microbial communities will exhibit distinct combinations of restriction sites 
because of the variation on the sequences of the gene that has been amplified, 
“fingerprints” are obtained for particular assemblages of organisms. However, different 
DNA amounts may disturb the abundance and phylotypes in a T-RFLP profile. Dumber 
et al. suggested using the profile with the smallest total peak heights as a base to 
normalise the total peak heights. This method will produce a correction factor for each 
profile. Once each peak is adjusted, the different amounts of DNA will be compensated 
[78]. T-RFLP approaches have provided a better understanding of changes in the 
structure and composition of soil communities in a number of environments including 
soil [79–81]. Several studies involving crops have included this method. For instance, 
Hilton et al., 2013, identified the cause of a decline in yield of oilseed rape (OSR) 
monocultures using T-RFLP and other methods. This study showed that two fungi that 
showed high similarity with plant pathogens were enriched in monocultures compared 
to OSR cultivated in a range of rotations [82]. Furthermore, it is well known that 
arbuscular mycorrhizal (AM) plays an important role in soil bacteria population and 
plant health. Using T-RFLP, Toljander et al., 2007, identified changes in bacterial 
community composition in response to AM extraradical mycelia exudates in vitro [83]. 
Compared to the previously described methods, T-RFLP offers the advantage of 
allowing higher throughput.  
 
3.1.3. SSCP  
Similarly to DGGE/TGGE, single-strand conformation polymorphism (SSCP) is an 
electrophoresis method adapted to the analysis of microbial communities; however 
the separation is based on single-stranded DNA. Secondary structures formed with 
the single-stranded DNA are used to separate between products from different 
phylotypes. Unlike DGGE/TGGE or T-RFLP, in SSCP neither GC clamps nor 
restriction digestions are required. Typical problems with this technique are the 
occurrence of three bands due to several conformations of one product. Recently, this 
technique has been used for the rapid profiling of soil microbial communities [84,85] 
and phylogenetic studies [86]. An interesting study on diversity and distribution of 
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polyhydroxyalkanoate-producing bacteria has used SSCP as a culture-independent 
approach. Gasser et al., 2009, concluded that the method helped to confirm that 
rhizosphere is an attractive reservoir for bacteria, which are producers of 
polyhydroxyalkanoate. However, at a strain level some incongruities between the 
culture-dependent and culture-independent (SSCP) methods were detected [87]. 
SSCP-based approaches have been also used as well on fungal communities. For 
example, Zachow et al., 2009, used SSCP analysis to assess rhizosphere fungal 
diversity on the Canary Islands. In this study, Trichoderma-specific communities which 
play a major role in soil health exhibited low diversity [88]. An improved variation of 
this technique, namely the Capillary Electrophoresis-Single Strand Conformation 
Polymorphism (CE-SSCP) fingerprinting has been developed and used to profile 
communities with low complexity [85], but its application for highly diverse 
environments is still under evaluation. An alternative of this variation is polymerase 
chain reaction-free; however it has also been tested only in low diversity samples [89].  
 
3.1.4. ARISA/RISA 
The automated ribosomal intergenic spacer analysis (ARISA/RISA) method aims to 
monitor changes in microbial diversity, based on the variation in lengths of the 
Intergenic Transcribed Spacer (ITS) region between the 16S and 23S, as well as 18S 
and 28S rRNA-encoding genes, for bacteria and eukaryotes (in particular fungi), 
respectively. This method has been used to compare microbial community structure 
and estimate species richness of multiple samples from several environments 
including soils [90–95]. Zancarini et al., 2012, studied the different responses of 
rhizosphere microbial communities under N availability and plant genotype. The 
influence of those two variables was determined by the ARISA method. According to 
the results, nitrogen availability affected bacterial communities only in presence of the 
plant [96]. This technique has also been used in agricultural fields. Baudoin et al., 2009, 
used ARISA fingerprints to determine the effect of plant growth-promoting 
rhizobacterium (PGPR) Azospirillum lipoferum CRT1 on the structure of rhizobacterial 
communities in field-grown maize. Results showed that this method was able to 
distinguish from plant to plant variability, as well as to detect changes in native 
rhizobacteria communities after Azospirillum inoculation [97]. Two main limitations of 
this method have been raised. Firstly, the length of the spacer may vary in a single 
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genome due to differences in multiple operons, which would cause an overestimation 
of richness. Secondly, spacer regions with the same length may be found in unrelated 
microbes. An in silico approach used hundreds of complete bacterial genomes to 
obtain a dataset of bacterial 16S-23S spacers and simulate ARISA profiles to evaluate 
the accuracy of richness estimations [98]. It revealed that ARISA is not suitable to 
estimate richness of highly diverse ecosystems such as soils. However, despite the 
fact that this method overestimates species richness, a correction can be applied to 
assess species richness in low diversity ecosystems [98].  
 
3.1.5. LH-PCR  
Amplicon Length-Heterogeneity PCR (LH-PCR) is a technique analogous to 
ARISA. This method is based on the natural differences between lengths of amplified 
gene fragments. So far it has been used for analysis of 16S rRNA fragments. The length 
differences within the 16S rRNA genes or inter-genic spacer regions can be compared 
with databases in databases to identify the most probable identity of microbial groups. 
Available databases include Greengenes, SILVA, Integrated Microbial Genomes, or 
NCBI. LH-PCR can provide insight into the community structure without the 
construction of clone libraries and DNA sequencing analysis [53]. In soil, it has been 
successfully used to assess differences in soil bacterial community structures 
[54,99,100]. For instance, it has been used to characterise phylotypes in soil fungal 
communities. Wu et al., 2008, demonstrated that soil fungal communities were 
affected by land and crop management practices [101]. The inherent limitations of this 
method are the same as ARISA.  
 
3.1.6. RAPD 
Random Amplified Polymorphic DNA (RAPD) is a technically simple method that 
was developed to analyze genetic relationships and genetic diversity [102]. Short (10-
mer), single synthetic oligonucleotide primers of arbitrary nucleotide sequence are 
used to anneal at multiple locations on the microbial genomes. A range of amplicons 
that are characteristic of the template are then generated. Typically, very low 
annealing temperatures are used to allow promiscuous pairing of the primer 
(approximately 36 °C). For this reason, reproducibility of profiles is often an issue. This 
technique has been one of the most commonly-used molecular techniques to develop 
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DNA markers. It is also less time consuming and cheaper than T-RFLP. RAPD is 
described as a useful tool for soil microbial community analysis to access soil microbial 
genetic structure [103–105] and genetic fidelity of micro-propagated plants [106].  
 
3.1.7. ARDRA 
Amplified Ribosomal DNA Restriction Analysis (ARDRA) generates restriction 
fragment profiles from the 16S rRNA gene amplicon of bacterial populations, or from 
the 18S gene of fungal populations. After amplification of a specific region, the product 
is digested using tetracutter restriction enzymes. The amplified products can be used 
as a pool for fingerprinting or as clone libraries to differentiate each sequence in further 
analyses [51]. Universal primers cannot provide much information on particular 
organisms in the sample but can be used to compare microbial community structure 
across samples. Alternatively, specific primers for certain microbial types can be used 
for phylogenetic analysis. ARDRA has been used as a tool for the classification of 
isolates with antagonistic properties against Phytophtora capsici [107], identification 
of clusters isolated from glacier soils [108], and confirmation of PGPB strain 
inoculation in strawberry between mother-plant and daughter-plant via stolon [109]. In 
addition, this method has been traditionally used to assess microbial diversity in a 
number of environments, including soils [107,110,111]. 
 
3.1.8. Q-PCR 
Real-time quantitative PCR (Q-PCR) or reverse transcriptase Q-PCR (RT-PCR) is 
a technique that collects amplification data while the PCR occurs [112]. Different 
fluorescence chemistries are available, including SYBR green and TaqMan. The first 
dye binds to any double-stranded DNA. The latter requires pre-designed probes that 
will be hydrolyzed given the 5′ nuclease ability of the DNA polymerase during the 
extension step and fluorescence emission will be consequently higher. The PCR cycle 
where amplification is first detected is known as cycle threshold (CT) and can be 
identified when the background fluorescence is lower than the fluorescence intensity. 
Real-time has been used in several rhizosphere studies such as in the evaluation of 
soil acidobacterial communities’ responses from soybean croplands and adjacent 
amazon forest [113]. In addition, the effect of long-term fertilization on the activity of 
ammonia oxidisers communities in the rhizosphere of a fluvo-aquic soil was also 
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assessed through this method [114]. An interesting approach has been proposed to 
estimate relative abundances of the most common taxonomic groups of bacteria and 
fungi in the soil using taxon-specific real time primers [115]. An improvement of these 
primers was later proposed by increasing coverage without affecting their specificity 
[116]. The limitation for using this approach is that the taxonomic resolution is 
considerably low. Compared to other PCR-based techniques; Q-PCR provides 
quantitative data on gene and transcript abundances, and does not require post-PCR 
handling avoiding potential contamination of samples [117]. Q-PCR is usually 
restricted to a relatively low number of sequences as it requires specific primers, 
although high-throughput Q-PCR has also been developed [118]. 
 
3.2. Non-PCR Based Methods 
3.2.1. CFE  
Chloroform Fumigation-extraction (CFE) uses chloroform as a biocide. Microbial 
components are degraded by enzymatic autolysis and converted into extractable 
compounds. Following incubation with chloroform, the components are extracted 
using 0.5 M K2SO4. Total dissolved carbon can then be determined on a TIC/TOC 
analyzer. For N extraction, samples are required to be digested via Kjeldahl digestion. 
The C and N difference between fumigated vs. non-fumigated soils is the chloroform-
labile C or N pool (EC) and it is proportional to microbial biomass C or N (C, N). 
C = EC/kEC or N = EN/kEN 
Where kEC and kEN is soil-specific. It has been estimated as 0.45 and 0.54 
respectively [119–121]. This method is one of the most commonly used to estimate 
soil microbial biomass carbon [122,123]. Biomass measurements are important to 
characterise soil basic properties as well as to prognosticate metal transport models 
from soil [45]. Soil microbial biomass has been estimated by CFE and combined with 
stable isotope analysis to identify the source of microbial biomass carbon and measure 
turnover rates of different molecular size compounds in soil [124]. In recent studies, 
microbial biomass C and N were measured using CFE to understand the influence of 
biological soil crust (BSCs) on microbial communities in sand dunes [125].  
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3.2.2. PLFA 
Phospholipids derived from microbial cell membranes can be used to distinguish 
specific microbial taxa. These phospholipids contain unique fatty acids composed of 
different acyl chains and can be used as biomarkers for microbial groups. Phospholipid 
Fatty acid Analysis (PLFA) is widely used in microbial ecology as chemotaxonomic 
markers of microorganisms. The technique is based on the premise that phospholipids 
are rapidly degraded, therefore phospholipids remaining should belong to living 
organisms. Buyer and Sasser [126] have developed a new procedure with increased 
throughput and therefore a large number of PLFAs can be analyzed. The method has 
been used to detect changes and structure of soil microbial communities [127–129]. 
The PLFA method has been used recently to understand the formation of soil organic 
matter (SOM) and the involvement of microbial cell-envelope fragments in this 
process. Results from PLFA provided a better understanding of SOM development 
and the relationship between microbial abundance and activity [130]. The use of PLFA 
to determine diversity indices has been criticized as the phylogenetic resolution of 
community characterization is low [131]. 
 
3.2.3. FDA 
Fluorescein diacetate (FDA) has been used since early 80s as a measure of microbial 
activity [132]. FDA is hydrolyzed by free exoenzymes and membrane-bound enzymes 
that convert the colorless FDA in a colored fluorescein. Fluorescein can then be 
quantified by spectrophotometry at 490 nm wavelength [62]. This method is generally 
applied to estimate total microbial activity and has been proposed to be used as a 
biochemical/biological indicator of soil quality [63]. Recent publications have used this 
method in a subtropical coal mining dump as a bioindicator for revegetation practices 
[133], in a glacier forefield to measure the effect of reciprocal soil transfer on microbial 
activities along a temperature and soil moisture gradient in glacier forefield [134], and 
in a flooded soil to assess the impact of elevated temperature and carbon dioxide on 
soil enzyme activities in a tropical flooded rice plantation [135].  
 
3.2.4. SIP 
Stable-isotope probing (SIP) incorporates 13C-labeled, 12C-labeled or 15N 
substrates into cellular biomarkers. SIP is applied to the identification of active 
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microorganisms without the use of radioactive isotopes. The substrate can be purified 
from unlabeled nucleic acid by density-gradient centrifugation [64,136]. This is typically 
followed by molecular profiling or sequencing analyses by using one of the techniques 
described in the present review. This technique has been applied to detect spatial 
variation of active microorganisms related to the C flow in the rhizosphere [137]. In 
addition, fungal-bacterial interactions have been studied using SIP in an effort to 
understand the role of each community in the litter degradation of soils [138]. 
Interactions involving fungi and bacteria have been studied using SIP to better 
understand the role of each community in litter degradation of soils [138]. The method 
also allows to track different processes like matter fluxes and biochemical activities in 
microbial communities. Comparing with other methods, SIP can provide information 
about C fluxes involving microbial communities in the soil [64]. 
 
3.2.5. DNA Arrays 
After 17 years since its first appearance, microarray techniques have evolved in gigantic 
steps [139–141]. Thousands of microarray papers are published annually and the 
number keeps growing. A DNA array is solid surface that has been spotted with an 
arrangement of DNA samples. Spots containing DNA, cDNA, or oligonucleotides (DNA 
chips) typically represent genes with known and unknown function as well as non-
coding RNA. DNA or reverse-transcribed RNA is then hybridized onto these spots and 
information on thousands of genes can be simultaneously collected. Various reports 
on genome-wide transcriptional profiling of soil microbes as well as numerous studies 
assessed changes in bacterial diversity after a disturbance or treatment through 
microarrays [142–147]. For example, the PhyloChip was used for microbial community 
profiling of disease suppressive soils [21].  
 
Microarray applications on soil microbial communities include profiling of taxonomic 
groups and functional genes or RNA (cDNA from mRNA or rRNA). DNA microarrays 
containing functional microbial genes are also known as Functional Gene Arrays 
(FGA), and a typical example is the GeoChip 3.0 that harbors 57,000 genes with 
known function from many different species and gene variants from 292 functional 
gene families [148]. mRNA-based expression profiling aims to identify and 
characterise differentially expressed genes, some of which can be grouped into 
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clusters based on similar or coordinated gene expression patterns. These “regulons” 
may belong to specific signaling or biochemical pathways in microorganisms. 
However, most FGAs have been used for microbial DNA and the profiling of the 
presence of certain genes rather than gene expression (mRNA) [149,150]. It should 
be mentioned that the use of microarrays for soil microbial communities is limited to 
the sequences provided as probes. Typically, microarray data and other methods are 
verified and further analyzed for the presence of certain microbes, certain microbial 
genes or individual differentially expressed candidate genes. This can be done by 
either nucleic acid blot hybridization or by Q-PCR.  
 
3.2.6. FISH 
Fluorescence in situ hybridization (FISH) is a technique that has been used since 
the late 80s. A fluorescent molecule or fluorochrome is conjugated with an 
oligonucleotide probe. In microbiology, 16S rRNA is generally used as a probe due to 
its genetic stability and high copy number. The fluorescent probe binds to a 
complementary sequence that can therefore be detected using fluorescence 
microscopy. Nowadays, FISH is a widely used tool in several fields in microbiology 
including ecology, phylogenetics, and diagnostics [57]. For example, the presence of 
live bacteria was detected in root segments of Arabidopsis thaliana by CARD-FISH, 
which is a variation of FISH that improve its sensitivity through the use of horseradish 
peroxidase-labeled probes in combination with catalyzed deposition. This study 
provided a better understanding of the influence of soil type, plant development stage 
and genotype as key factors to mold the root microbiome [20].  
 
3.3. High-Throughput Sequencing Technologies 
 
High-throughput sequencing approaches (also referred to as next generation 
sequencing; NGS) are increasingly being used for estimates of microbial diversity in 
complex environments such as soils in a culture-independent manner. Due to 
advances in nanotechnology and bioinformatics, alternative technologies have been 
created to increase the throughput of DNA and RNA sequencing have emerged. Such 
technologies play a major role in metagenomic (DNA-based), and metatranscriptomic 
(RNA-based) approaches, which provide a comprehensive picture of potential and 
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active functions of microbial communities, respectively [43,151]. The most widely-used 
platforms for massive parallel sequencing for assessing soil microbial diversity are 
Roche 454 Genome Sequencer (Roche Diagnostics Corp., Branford, CT, USA), HiSeq 
2000 (Illumina Inc., San Diego, CA, USA), and AB SOLiDTM System (Life Technologies 
Corp., Carlsbad, CA, USA). Other commonly used high throughput sequencing 
systems that have been applied to other approaches including metatranscriptomics 
and whole genome re-sequencing are also described below for comparison, which 
includes Ion Personal Genome Machine (Life Technologies, South San Francisco, CA, 
USA), Heliscope (Helicos Bioscience Corp., Cambridge, MA, USA), and PacBio RS 
SMRT system (Pacific Bioscience, Menlo Park, CA, USA). A comparative summary of 
the main features of these platforms is shown in Table 2.  
 
Table 2. Comparative summary of high-throughput sequencing platforms. 
Technol
-ogy 
Cost 
Read 
length 
Run 
time  
Error 
rate 
Output 
per run 
Notes Ref. 
454 Low 
Up to 
1000 bp  
(GS 
FLX+).  
23 h Low 0.7 Gb 
-Provides one of the longest reads, which 
makes it ideal for studies aiming at measuring 
microbial diversity as it provides a more refined 
taxonomic assignment. 
-The calibration base calling cannot interpret 
long stretches of the same nucleotide  
[152,153] 
Illumina Low 
2×100 
bp 
3 to 11 
days  
Low 
120 Gb 
to 600 
Gb 
-Error rates increase past 32 bp 
-Provides the highest output of reads, which 
makes it suitable for metatranscriptomics 
studies, which require considerable sequencing 
depth for detection of rare transcripts.  
[152] 
SOLiD High 50 bp 
Up to 
8 days 
Moderat
e 
150 Gb -Offers 99.9% accuracy 
[152,154,1
55] 
PGM  
Moder
ate  
400 bp 3 h High 
From 20 
Mb to 
400 Mb  
-Inadequate for SNP or mutation analysis [156–158] 
HeliSco
pe 
High 35 bp 
30 
days 
High 
Over 1 
Gb per 
day 
-Single molecule sequencing has higher raw 
error rates 
[154,155] 
SMRT Low 1100 bp 2 h High 230 Gb 
-It has the ability to observe and capture kinetic 
information 
[159] 
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3.3.1. Roche 454 FLX Pyrosequencer 
This system is based on the detection of pyrophosphate (PPi) that is released 
during DNA synthesis. The intensity of the visible light that it generates is proportional 
to the number of nucleotides incorporated. The FLX instrument applies 100 flows of 
each nucleotide. The resulting reads of the GS FLX Titanium XL + yield up to 700 Mb 
of data. The read length provided by the latest 454 platform can come to 1000 base 
pairs (bp). Due to reasonably longer sequences compared to the other high-
throughput sequencing platforms (see below sections) and higher output compared to 
conventional cloning sequencing approaches, pyrosequencing allows the detection of 
rare bacterial and archaea genera. Recently, this method has been extensively used 
to characterise composition and diversity of soil microbial communities [20,107,160–
163] and has also been applied to understand the effect of heavy metals and 
disturbances on soil microbial communities [162,164,165].The particularity of this 
method is that it provides reads that are long enough (average 500 bp but up to 1000 
bp) to assign probable taxonomic identity up to genus level and rare groups can be 
detected as thousands of reads can be obtained per sample. For instance, Lundberg 
et al. (2012) [20] provided new insights into the bacterial communities associated to 
Arabidopsis thaliana through 16S rRNA gene amplicon pyrosequencing. A 
comparison of the composition of microbial communities colonizing the rhizosphere 
with the endophytic compartment showed an enrichment of Actinobacteria and 
Proteobacteria in the endophytic compartment in both soil types tested [20]. In farming 
systems, pyrosequencing has been used to evaluate the effect of conventional and 
organic systems on bulk soil bacterial communities [166]. Another study found 
differences in soil bacterial community composition in the rhizosphere of plants with 
activated jasmonate signaling pathway [137]. However, compared to other methods it 
is more costly and analytically more challenging to assess changes in microbial 
community structure.  
 
3.3.2. Illumina Genome Analyzer 
The Illumina genome analyzer platform is based on parallel, fluorescence-based 
readout of millions of immobilized libraries that are sequenced using reversible 
terminator chemistry. Nowadays, Illumina offers four sequencers: HiSeq 2500, Hi Seq 
2000, Genome Analyzer IIx and MiSeq platform. The most powerful of them is the 
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HiSeq 2500, which delivers up to 600 Gb of data with a maximum of six billion reads 
per run, and a read length of approximately 2 × 100 bp [167]. Compared to the Roche 
454 FLX pyrosequencer, Illumina sequencers have shorter reads but a much higher 
throughput, which makes them very appropriate for gene expression studies of 
complex environments such as soils. This method has enabled the characterization of 
a number of microbial communities [168] and demonstrated a low cost access to DNA 
from organisms with low relative abundances [169]. The problem with performing 
microbial diversity studies with this platform is that although the output is much higher 
than pyrosequencing, the length of reads are shorter, which turns the taxonomic 
assignment less accurate. Still, a few studies have used this method to measure 
diversity in microbial communities. For instance, soil management practices such as 
tillage was reported to affect microbial diversity in a subtropical acrisol [170]. Another 
study documented distinct fungal community compositions in green roofs and five city 
parks in New York City, with only 54% of taxonomic group overlap between green roof 
media and park soils [171]. A combined approach using metagenomic analysis and 
functional assays provided evidence to suggest that soil resource availability and soil 
stratification had an effect on functional diversity and to a lower degree on taxonomic 
diversity [172]. 
 
3.3.3. Applied Biosystems Sequencing by Oligonucleotide Ligation and Detection 
(SOLiD) Sequencer 
Similarly to the 454 platform, the Sequencing by Oligonucleotide Ligation and 
Detection (SOLiD) system uses emulsion PCR to produce clone libraries. However, 
different from the other technologies, SOLiD uses a DNA ligase as well as a unique 
approach to sequence amplified DNA fragments. In brief, a fluorescently-labeled probe 
hybridises to its complementary sequence. DNA ligase is added to join the dye-labeled 
probe to the primer. Fluorescence imaging determines the identity of the ligated probe. 
This technology generates billions of short sequence reads (2 × 60 bp) at once (120 
Gb of data). In a recent study, SOLiD was used to sequence the genome of the 
Pectobacterium sp strain SCC3193, which is known for causing soft rot and blackleg 
disease in different plants. This platform was used to correct the homopolymer and 
assembly errors obtained by 454 sequencing [173]. The main disadvantage of this 
platform is the difficult assemblage of short reads, which also applies for the Illumina 
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platform. However, its two-base sequencing technology provides the highest accuracy 
of all platforms. It is widely used for transcriptomics and epigenomics. 
 
3.3.4. Ion Personal Genome Machine (PGM) 
This platform uses semiconductor sequencing technology. Each time a nucleotide 
is incorporated into the DNA a proton is released, and the subsequent change in pH 
is measured by pH-sensitive field effect transistor. Therefore, no labeled nucleotides 
are used and synthesis is detected directly. It offers shorter run times when compared 
to systems based on fluorescence detection. Currently, it delivers 400 bp reads in four 
hours. A microbial ecology sequencing platform has been recently proposed to assess 
bacterial and archaeal community dynamics using the PGM [174]. This platform was 
also used in a study which showed that diesel biodegradation was affected by 
modifying the microbial community structure [175]. Furthermore, consistent microbial 
community shifts were observed when diesel and nutrients were added to Arctic soils. 
Actinobacteria and Proteobacteria became dominant in low-organic matter and high-
organic matter, respectively [176]. 
 
3.3.5. Heliscope Single Molecule Sequencer 
The main innovation of this platform is the direct sequencing of DNA/RNA 
fragments, therefore no amplification is needed. It involves fragmenting the template 
DNA and hybridising on disposable glass flow cells. Each of the 25 channels on one 
standard flow cell can be addressed individually for the addition of samples. Once the 
flow cells have been prepared, they are inserted in the HeliScope Sequencing system 
along with all the reagents necessary for sequencing by synthesis and imaging. This 
system can generate billions of reads per run that range from 25 to 35 bp [154], and 
the data output is over one Gb per day Heliscope might contribute to genome biology 
through direct sequencing of nucleic acids. For example, Kapranov et al. [177] 
obtained sequence information for counting abundance of short RNA (sRNAs) and 
discovery of new sRNAs through the HeliScope sequencer in cultured cells. This 
technique counts with a high error rate that goes between 3 to 4%. Compare to other 
methods it manage a higher cost than other platforms and still not popular in the NGS 
market [152].  
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3.3.6. Pacific Biosciences SMRT DNA Sequencer 
Pacific Biosciences launched in 2010 a single-molecule real-time sequencing 
platform [156]. This platform uses a structure called Zero Mode Waveguide or ZMW. 
This structure allows the observation of a single nucleotide of DNA being incorporated 
by the DNA polymerase fixed at the ZMW. Each nucleotide has been marked with 
different fluorescent dyes. A detector reads the fluorescent signal of the nucleotide 
incorporated. SMRT has been used mainly in genome sequencing, re-sequencing and 
methylation detection [178]. English et al. [179] presented new software (PBJelly) for 
upgrading genome assemblies based on long-read sequence form Pacific Bioscience 
RS. This software will improve annotation problems in gap-associated regions. Further 
improvements have been done for genome assembly. Chin et al. [180] discussed the 
use of short reads to correct errors in the long SMRT reads. This assembly requires 
at least two different libraries and a variety of sequencing runs. In recent publications, 
the use of SMRT has been applied to analyze BAC clone that carries MATE1 gene 
associated with aluminum tolerance in maize [181].  
 
4. Choice of Methods and Complimentary Approaches 
 
Soil is one of the most complex microbial environments where colonization of 
microhabitats enables co-existence of thousands of species with essential ecosystem 
functions, including biomass and nutrient cycling, mineralization and detoxification 
[182–185]. Culture-independent methods are regarded as to provide a more accurate 
picture of microbial communities because most microbes from soil currently cannot be 
cultivated. However, the use of different culture-independent techniques will depend 
on the experimental design and the main focus of the research. The preference of one 
technique over another is subjective to the researcher’s hypothesis and resources. 
Having knowledge of the different advantages and disadvantages of the methods will 
increase the possibility to obtain better data and acquire more information from the 
samples. In most cases, ecosystem functions of microbial communities need to be 
revealed to increase our understanding of the microbiota and their interaction with their 
environments. However, this is easier said than done. Some direct functional insights 
can come from enzymatic measurements of the soil, biochemical analyses or be 
derived from the effect of soil microbes on their environment (e.g., degradation of 
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organic matter, nitrogen fixation, phosphorus solubilization, plant growth 
promotion/inhibition, mineralization, greenhouse gas emissions, filtration, 
detoxification of polluted soils, etc.). Most methods described above focus on profiling 
soil microbial biomass and diversity (Table 1). These soil attributes are relatively easy 
to measure and have been widely associated with “soil health” [186,187]. For example, 
agricultural soils with low microbial biomass and diversity are linked to yield decline in 
sugarcane [188]. However, soil microbial biomass, biodiversity and even DNA-based 
metagenomics approaches may not provide a direct measure of current microbial 
activities in the soil. This is because a large proportion of the microorganisms present 
in soil maybe dormant and even the quantification of microbial DNA maybe misleading 
as extracellular DNA can be adsorbed on soil particles where its integrity can be 
maintained [189] Microbial activity profiles, based on actual metabolic activity are 
therefore more likely to reveal important microbial ecosystem functions. FDA, SIP, 
FGAs probed with cDNA, and RNA-based next generation sequencing 
(metatranscriptomics or RNA-seq) may complement well biochemical methods and 
the indirect measures of microbial biomass and diversity. The choice of methods is 
further limited by the availability of samples, resources including equipment and 
funding to carry out the experiments. Most PCR-based fingerprinting methods are 
limited to a fraction of microbial communities but are relatively cost-efficient. Recent 
progress in next generation sequencing (NGS) allows a much more comprehensive 
analysis and costs have significantly decreased in recent years. At present, the 
combination of more traditional methods with more inclusive new techniques may 
provide the most powerful approach. It has been shown that the use of conventional 
methods plus new platforms will diminish the error rate in some of the next generation 
sequencing methods and help the data to be more robust. For instance, the use of 
pyrosequencing and DGGE fingerprinting has helped for the assessment of bacterial 
composition in a mangrove environment, providing robust data at a reasonable cost 
[70]. Similarly, Gözdereliler et al. [190] adopted pyrosequencing and 16S rRNA gene 
DGGE to investigate shifts in community structure and composition following exposure 
to different herbicide concentrations.  
 
NGS technologies have revolutionised research on environmental microbiology and 
have a great potential to shed light into relevant questions in agriculture and soil 
biology. These technologies have had a high impact on genome research in terms of 
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feasibility and scale. However, the large amount of data that has been generated will 
pose analytical challenges especially with regard to bioinformatics. Furthermore, data 
processing and interpretation of results will require additional studies to avoid 
misinterpretation of the data. Table 2 provides a summarised description of the 
different sequencing platforms presented previously.  
 
Finally, controlled experiments can be carried out on soil microbial communities to 
test hypotheses about microbial ecosystem function. For example, a study involving 
SIP assessed how plant-fixed carbon is translocated belowground under elevated 
atmospheric carbon dioxide [191] and 16S rRNA amplicon sequencing of plants treated 
with defense hormones has revealed that plants are able to alter their rhizosphere 
bacterial community to recruit potentially beneficial microbes that assist in plant defense 
[160].  
 
5. Conclusions  
 
Nowadays, the scientific community is focusing on major worldwide concerns such 
as food security, energy sustainability and climate change. Researchers have been 
motivated to develop novel approaches towards sustainability of agricultural practices. 
The recognition of the rhizosphere as a critical interface for soil and plants has led to 
major research in this area, hence new technology and new projects have been 
developed to face challenges posed by such a complex and diverse environment. 
 
The intricate network of interactions occurring in the rhizosphere requires high-
throughput techniques to deal with all emerging data in a reasonable timeframe. 
However, the large number of organisms involved and the highly dynamic nature of 
the rhizosphere itself makes it challenging to provide the level of detail afforded by 
molecular techniques. Because of the complex nature of the rhizosphere, the use of 
different techniques is necessary to propose appropriate soil management strategies. 
However, it is important to take into consideration the pros and cons of the various 
molecular methods that are available to assess soil health to avoid biased and 
distorted interpretations of microbial diversity.  
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Microbial community structure in soils, in particular rhizosphere soil, is considered 
of great importance to assess soil quality to achieve high crop yields. The development 
and selection of molecular methods that increasingly lead to the acquisition of data 
that better reflect soil quality is imperative to evaluate agricultural practices that will 
contribute to the increase of food production in a sustainable manner.  
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Chapter 3: Short-term impact of an occasional tillage on microbial communities 
in a Vertisol after 43 years of no-tillage or conventional tillage 
 
Overview 
 
In this chapter, I investigated the short-term effect of strategic tillage in soils under 
stubble retention and stubble burnt practices and two different land managements (no-
tillage and conventional tillage) at Hermitage research station. Soil biological 
indicators, such as microbial enzymatic activity, metabolic diversity and bacterial 
community structure (aim 1) were measured after strategic tillage was applied during 
the fallow period of 2012. Soil samples from the top 0.1 m were collected at 3 months 
after tillage implementation. 
 
Highlights 
 
 Effect of strategic tillage on soil quality was assessed via microbial indicators 
 
 Measured bioindicators were not affected after 15 weeks of strategic tillage. 
 
 Lack of changes may be attributed to high microbial resilience and/or resistance 
of this Vertisol. 
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Abstract 
 
Occasional strategic tillage (ST) has been suggested as a possible solution to manage 
herbicide-resistant weeds and control crop diseases in Australia’s northern grain-
growing regions. We evaluated the impact of ST on microbial communities as 
indicators of soil quality for two distinct tillage systems that have been applied to a 
Vertisol for 43 years (no-tillage - NT or conventional tillage - CT) and two stubble 
management practices (retention - SR or burnt - SB). Soil samples were collected 15 
weeks after ST and analysed for total enzymatic activity (fluorescein diacetate assay), 
metabolic diversity (Ecoplates Biolog®) and bacterial community structure (terminal 
restriction fragment length polymorphism). There was no significant effect of ST on the 
measured biological attributes. However, total enzymatic activity for treatments under 
CTSR and CTSR-ST were significantly higher compared with NTSR-ST (+ 0.8 
fluorescein µg ml-1 g-1 soil h-1, P < 0.01). Differences may be attributed to a significant 
increase in bulk density for CTSR treatment (P < 0.05) and an increment in bulk 
density on CTSR-ST plots. The lack of changes may be attributed to a high resistance 
and/or resilience of soil microbial communities after 15 weeks of tillage. More studies 
on the long-term effect of ST are required to assess the impact on soil biological 
properties. 
 
Keywords 
 
Catabolic activity; genetic fingerprinting; one-time tillage; clay soil; enzyme activity  
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1. Introduction 
 
Trends in Australian farming have been towards the implementation of conservation 
agriculture (CA). According to the Food and Agriculture Organization of the United 
Nations, CA can be achieved by the reduction of soil disturbance, application of crop 
rotation and increase of soil cover [1]. Agricultural practices such as no-tillage (NT) 
and introduction of fallow periods during summer in areas where stubble is retained 
have improved soil water retention, reduced labour costs and increased soil organic 
matter accumulation [2-4]. Nonetheless, conventional tillage (CT) is still used to 
prepare seed beds, mix surface and subsurface soils to allow nutrient flow, eliminate 
weed growth and allow water infiltration [5]. The frequent soil disturbance destroys soil 
aggregates and leaves the soil surface directly exposed, which accelerates 
evaporation rates [6]. Moreover, the lack of integrated strategies for weed control and 
crop residues retention in NT systems have resulted in the escalation of herbicide-
resistant weeds and an increase in stubble borne diseases, especially in wet seasons 
[7-10]. The use of occasional strategic tillage (ST) has been proposed to manage the 
specific constraints of NT and CT farming systems. ST is defined as an opportunistic 
use of an occasional tillage in an otherwise NT system to address specific biotic or 
abiotic challenges that takes into account the soil water content and time of tillage 
implementation [11]. Furthermore, ST aims at reducing the disturbance towards soil 
properties to maintain soil quality. Still, soil management influences soil chemical and 
physical properties and may affect functions of soil microbial communities and 
structure that might jeopardise or enhance soil quality [12, 13].  
Previous studies on the impact of ST in a range of soils under NT have shown that ST 
has a low impact on soil ecosystem functions and productivity. However, soils with 
weak A-horizons and contrasting textural properties are more prone to adverse 
impacts on soil fertility [11, 14, 15] 
 
Soil microbial communities are considered suitable indicators for soil quality due to 
rapid responses of microorganisms to disturbance events [16]. The degree of soil 
disturbance can be measured using different biological indicators including enzymatic 
and microbial metabolic activity as well as genetic fingerprinting profiles. For instance, 
enzymatic activity is widely used due to the role of microorganisms in the biochemical 
functions associated with the C, N, S and P cycles [17, 18]. Fluorescein Diacetate 
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(FDA) is a broad spectrum detector of enzymatic activity of microbial communities 
since non-specific esterases, proteases and lipases have been shown to hydrolyse 
FDA [19]. In a comparison between conservation tillage, reduced tillage and non-
inversion tillage, FDA showed higher enzymatic activity (15-40%) in the top 0.15 m 
soil layer in NT and reduced tillage systems [20]. 
 
Measurement of metabolic activity through Community-Level Physiological Profiles 
(CLPP) provides information on the dynamics and functional adaptation of soil 
microbial communities [21, 22]. Several studies have shown that tillage influenced 
utilisation of substrates by microbial communities [23-25]. Cookson, et al. [26] 
proposed that these changes may be related to the impact of disturbances in total soil 
organic matter, light fraction organic matter and dissolved organic matter, all of which 
play a major role in C and N supply to soil microbial communities. Furthermore, 
Terminal Restriction Fragment Length Polymorphism (T-RFLP) has been used to 
study variations between genes from different bacteria and to obtain information on 
the structure of soil communities [27, 28]. In agricultural soils, T-RFLP has been used 
to compare changes in the structure of bacterial communities in Vertisols and Calcisols 
under different tillage systems [29-31]. In addition, Girvan, et al. [32] used T-RFLP, 
denaturing gradient gel electrophoresis and Biolog® to compare different agricultural 
sites with contrasting soil types. This study concluded that soil type is a key factor 
determining bacterial community composition in arable soils. Historically, soil 
biological properties are the least-studied within the discipline of soil science as they 
were often limited by the unavailability of sensitive techniques to identify and quantify 
soil microorganism in bulk soil and rhizosphere [33]. 
  
In this study, we hypothesize that soil health is not affected by occasional chisel tillage, 
which is commonly used in north-eastern grains growing region of Australia. This 
practice is implemented when suitable water content is achieved. The winter fallow 
period has been chosen for soil sampling to minimize data variability, which could be 
increased by additional factors unrelated to tillage associated with the presence of a 
crop at the site. Total microbial enzymatic and metabolic activity, as well as bacterial 
community structure via genetic fingerprinting were assessed as biological indicators 
of soil health. The analysed Vertisol has been under NT or CT and stubble retention 
(SR) or burning (SB) management for 43 years.  
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2. Materials and methods 
 
2.1 Site description 
The plots were established in December1968 in a factorial design to study the effect 
of tillage, crop residue management and nitrogen (N) fertiliser on crop yields at the 
Hermitage Research Station (28°12’ S, 152°06’ E) in Queensland, Australia. Since 
their establishment, all plots were monocultured with wheat (Triticum aestivum L. cv. 
Timgalen in the first 29 years and cv. Baxter/cv. Gregory in the remaining years). 
Rotation with barley (Hordeum vulgare L. cv. Clipper) was used for a period of three 
years (1975 – 1977) to break the cyclic infection of the fungus Pyrenophora 
triticirepentis [34-36]. The soil is described as black, montmorillonitic, cracking clay, 
Vertisol [37] with alternating wet-dry conditions and rich in swelling clays. The first 0.1 
m contains 650 g Kg-1 clay, 240 g Kg-1 silt and 110 g Kg-1 sand. The average wheat 
grain yield in 2011 was 2.8 t/ha and 2.4 t/ha in 2012. The mean recorded annual rainfall 
is 650 mm to 700 mm, with more than 50% received during summer [34]. Following 
harvest a total of 163 mm of rain was received before tillage implementation. From the 
time of tillage implementation to the time of sample collection, it was estimated a total 
of three shrink-swell events occurred according to rain and evaporation rates at this 
site. Air temperatures vary from approximately 28°C in summer to 18.7°C during 
winter.  
 
2.2 Soil sampling 
Treatments were aligned longitudinally, replicated into four randomised plots of 
approximately 61.9 m x 6.0 m with 0.8 m buffer between each plot. Original treatments 
(long-termed, primary) followed a factorial combination of CT and NT, SR and SB crop 
residue management, as follows: soils under CT were subjected to four to five passes 
with a chisel plow during the fallow period for weed control. NT treatment involved only 
seed planting and fertiliser placement. Stubble retention was performed after crop 
harvest, whereas stubble burning was applied each year in December or January 
depending on weather conditions [38, 39]. For the purpose of this study, targeted plots 
have not been treated with N fertiliser (0 Kg N ha-1 yr-1). March 2012 was chosen as 
the preferred time to implement ST because it was neither too close to sowing of the 
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winter crop (most preferred time of wheat sowing at this site is mid-June), nor too close 
to the harvest of the previous crop (November 2011). Poor crop establishment due to 
decrease in soil moisture was the main concern which prevented the application of ST 
close to sowing. Likewise, ST immediately after the harvest of the previous crop could 
have resulted in incorporation of crop residues into the soil and consequently 
accelerated decomposition, thereby resulting in a loss of soil cover. Historical rainfall 
data for the site showed that the probability of getting good rainfall (125 mm) to 
replenish lost moisture in evaporation with ST was 90-95% for the period between 
March to June. Each original plot was divided longitudinally to facilitate ST on one side 
and retained original treatment on the other side with effective plot size of 61.9 m x 2.7 
m, leaving a 0.6 m between original and ST. Therefore, the treatments were NTSR, 
NTSR-ST, NTSB, NTSB-ST, CTSR, CTSR-ST, CTSB and CTSB-ST. Each treatment 
included four replications. Soil samples were collected 15 weeks after ST operation. 
Five randomised soil samples per plot were collected in separate sealed bags from 
the top 0.1 m soil depth, using a hand shovel. Soil samples from the same plot were 
composited, sieved (sieve porosity < 4 mm) and stored at 4°C for further analysis. All 
visible litter material was manually removed prior to sieving. For bulk density and 
chemical analysis, two soil samples from each replicate were taken 3 months after the 
initial tillage by using a 43 mm-diameter tube sampler attached to hydraulic soil-
sampling rig. The first sample from each replicate was oven-dried at 105°C and the 
second sample was oven-dried at 40°C and ground to pass a 2 mm sieve. Bulk density 
was calculated by taking the mass of oven-dried soil (105°C) per unit volume of the 
soil sample, and the volumetric water content was calculated by multiplying the 
gravimetric water content by the bulk density value from the first sample. The second 
sample was used to determine total organic carbon (TOC). Total nitrogen (TN) was 
measured on a subsample from the second replicate and ground to pass through a 
<0.5-mm sieve [40]. Equivalent soil mass was used to compare TOC stocks [41] 
 
2.3 Fluorescein diacetate (FDA) 
Total enzymatic activity was measured using the method developed by Adam and 
Duncan [42]. In brief, 2 g of fresh soil was incubated with 15 mL of 60 mM potassium 
phosphate buffer (pH 7.6). To start the reaction, a volume of 200 μL of FDA (1000 
μg/mL) was added and incubated for 1 h at 30°C and 150 rpm in an incubator/shaker 
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(N-biotek. Inc.). After incubation, 1 mL of the mix was added to a new microcentrifuge 
tube containing 1 mL of 2:1 chloroform-methanol. Triplicates were collected per 
sample after incubation. The soil suspension was centrifuged for 3 min at 10,000 g. 
Aliquots of 250 μL were transferred into a 96-well plate and read in a microtitre plate 
reader (BMG Lab, Ortenberg, Germany) at 450 nm wavelength. 
  
2.4 Community-level physiological profiling 
Community-level physiological profiles of soil bacteria were evaluated using the Biolog 
EcoplateTM method [43]. The procedure was adapted from Ma, et al. [44] as follows: 5 
g of soil (oven-dried weight) was added into a flask with 50 mL of sterilised 8.8 g NaCl 
L-1 water saline buffer and 3 g of glass beads. The mixture was shaken for 30 min on 
an orbital shaker at 225 rpm. Serial dilutions (up to 10-2) were made with minimal 
settling time after samples had been removed from the shaker. A Biolog EcoPlateTM 
was inoculated with 125 μL of soil suspension (10-2 dilution) in each well and dark-
incubated for 7 days at 28°C. Absorbance was monitored every 24 h for 6 days using 
a microtitre plate reader (BMG Lab, Ortenberg, Germany) at 600 nm wavelength. 
Average Well Color Development (AWCD), Shannon-Weaver diversity index and 
evenness were calculated after 72 h of incubation [22]. To simplify comparisons, the 
carbon sources present in the EcoPlates were grouped into guilds (Table 1). 
 
Table 1. Classification of carbon substrates according to chemical guilds. Assignments 
to guilds is from Insam (1997). 
 
 
 
 
 
Amino acids Carbohydrates Carboxylic acids Amines Phenolic compounds Polymers
L-Arginine β-Methyl-D-glucoside Pyruvic acid methyl ester Phenylethyl-amine 2-Hydroxy-benzoic acid Tween 40
L-Asparagine D-Galactonicacid-γ-lactone D-Galacturonic acid Putrescine 4-Hydroxy-benzoic acid Tween 80
L-Phenylalanine D-Xylose γ-Hydroxy-butyric acid α-Cyclo-dextrin
L-Serine i-Erythritol D-Glucosaminic acid Glycogen
L-Threonine D-Mannitol Itaconic acid
Glycil-L-glutamic acid N-Acetyl-D-glucosamine α-Ketobutyric acid
D-Cellobiose D-Malic acid
Glucose-1-phosphate
α-D-Lactose
D,L-α-Glycerol phosphate
98 
2.5 DNA extraction, PCR and T-RFLP 
 
Prior to the DNA extraction, a two-step low frequency sonication was performed to 
detach microbial cells from soil particles and obtain a microbe-enriched soil slurry. A 
total of 5 g of fresh soil was added to 5 mL phosphate buffer saline (PBS, 8 g NaCl, 
0.2 g KCl, 1.8 g NaHPO4.2H2O, 800 mL distilled water pH 7.2) and vortexed for 30 s 
to ensure a thorough mixture. The soil suspension was then sonicated at a low 
frequency for 5 min with alternating 30 s intervals of bursts and rests. The supernatant 
was transferred to a tube containing glass beads from the soil extraction kit 
PowerLyzerTM (PowerSoil® DNA Isolation Kit, MoBio Laboratories, CA). Tubes were 
centrifuged for 2 min at 9500 x g and supernatants discarded, with remaining pellets 
serving as initialising material for subsequent extractions. DNA extraction was 
performed according to the manufacturer’s instructions with only minor adjustments 
such as incubation for 25 min at 42°C in a water bath after the addition of lysing 
solution and an increased vortexing time of 30 min. DNA quality and concentration 
were measured using Nanodrop (Thermo Fisher Scientific Inc, VIC). After DNA 
extraction, samples were amplified using universal 16S ribosomal DNA primers 27F 
(5’ - AGA GTT TGA TCM TGG CTC AG - 3’) and 1492R (5’ - TAC GGY TAC CTT GTT 
ACG ACT - 3’) [45]. The 27F primer was fluorescently-labelled with 6-
carboxyfluorescein (6-FAM) at the 5’ end. PCR was carried out in a 50 μL reaction 
containing 0.2 μM of each primer, 0.2 μM dNTPs mix, 1 unit of Phusion® HF DNA 
polymerase (Thermo Fisher Scientific, Inc VIC) and 10 ng of DNA template. An 
additional 0.1 U of MspI restriction enzyme was added to the reaction mixture before 
adding the DNA and incubating at 37°C to eliminate any source of DNA contamination. 
PCR cycling conditions were 30 s at 98°C, followed by 29 cycles of 10 s at 98°C, 30 s 
at 55°C and 45 s at 72°C, finalising with 7 min of 72°C. PCR products were verified on 
1% agarose gels run in TAE buffer (40 mM Tris, 20 mM sodium acetate, 1 mM EDTA, 
pH 8.0). Fluorescently-labelled PCR products of two independent reactions were 
combined, split in two aliquots, one of which was digested with 1 U of the restriction 
enzyme MspI and the other with RsaI. Digested amplicons were desalted using a 
commercial purification kit Wizard® SV gel and PCR clean-up system (Promega, 
Madison WI). Samples were sent to AGRF (Australian Genome Research Facility 
Ltda., Brisbane, Australia) for fragment analysis using capillary electrophoresis 
(AB3730 DNA analyzer).  
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2.6 Statistical analysis 
Analyses of FDA and AWCD were performed using three-way factorial ANOVA using 
the software SPSS v20. Comparisons between carbon treatments were performed 
using one-way ANOVA followed by the Tukey’s post hoc test. Data for bulk density 
were compared with a t-test followed by the Tukey’s post hoc test using the software 
SPSS V20. Graphs were generated with PRISM v6.0 using standard error bars. 
Community level physiological profiling data were analysed using redundancy analysis 
(RDA) and factor analysis to group biological replications to identify main trends in the 
data. Permutation tests were applied to determine the significance between grouped 
treatments (9999 repetitions of permutations, P < 0.05). Peak area data for the 
restriction fragments (T-RF) were normalised with the Hellinger transformation and 
analysed with principal component analysis (PCA), factor analysis and permutation 
test [46]. Multivariate analysis were performed using the software RStudio v0.97.310© 
2009-2012.  
 
3. Results and discussion 
 
To evaluate the impact of ST on microbial communities, ST was compared to 
experimental fields where two distinct tillage regimes had been applied for 43 years 
(NT or CT) and two stubble managements (SR or SB), resulting in eight different 
treatment combinations (NTSR, NTSR-ST, CTSR, CTSR-ST, NTSB, NTSB-ST, CTSB 
and CTSB-ST). Physico-chemical properties only showed significant differences for 
bulk density between NT and CT treatment with an increase of 0.14 g/cm3 for CT 
treatments (P < 0.05, Table 2). The lack of changes between stubble management 
may be associated to the time of collection. For instance, differences between SOC 
for stubble burnt and stubble retention tend to decrease at the end of the fallow period 
at Hermitage site [47]. 
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Table 2. Soil physical and chemical properties of the topsoil (0-0.1 m) of the following 
treatments in 2012: no-tillage stubble retained (NTSR), no-tillage stubble retained after 
ST (NTSR-ST), conventional tillage stubble retained (CTSR), conventional tillage 
stubble retained after ST (CTSR-ST), no-tillage stubble burnt (NT-SB), no-tillage 
stubble burnt after ST (NTSB-ST), conventional tillage stubble burnt (CTSB) and 
conventional tillage stubble burnt after ST (CTSB-ST). Mean values are shown ±SE 
(n = 4). TC-total carbon; TN-total nitrogen. Distinct lowercase letters indicate 
differences between treatments. 
 
Treatments pH TC (Mg/ha) TN (Mg/ha) C:N Bulk Density (g/cm3) 
NTSR 7.7 (± 0.46) 17.05 (± 0.07) 1.15 (± 0.01) 14.83 1.016 (± 0.04)a 
NTSR-ST 7.4 (± 0.11) 19.10 (± 0.04) 1.37 (± 0.00) 13.94 1.058 (± 0.03)ab 
NTSB 7.8 (± 0.14) 17.95 (± 0.06) 1.30 (± 0.01) 13.81 1.004 (± 0.02)a 
NTSB-ST 7.6 (± 0.12) 18.70 (± 0.04) 1.32 (± 0.00) 14.17 1.036 (± 0.04)ab 
CTSR 7.8 (± 0.29) 18.35 (± 0.05) 1.32 (± 0.00) 13.90 1.153 (± 0.01)b 
CTSR-ST 7.7 (± 0.11) 18.27 (± 0.06) 1.32 (± 0.00) 13.84 1.102 (± 0.02)ab 
CTSB 7.8 (± 0.14) 17.97 (± 0.07) 1.22 (± 0.00) 14.73 1.138 (± 0.02)b 
CTSB-ST 8.0 (± 0.27) 18.77 (± 0.05) 1.25 (± 0.01) 15.02 1.036 (± 0.02)ab 
 
3.1 Soil enzymatic activity was higher for CT compared with NT soils but did not differ 
for ST in soils under stubble retained  
Hydrolytic enzymes are known to affect the rate at which substrates are degraded and 
subsequently deployed by plants and microorganisms [48]. Several factors including 
soil temperature, high concentration of atmospheric carbon dioxide [49], water content 
in soils (wet or dry; [50]) and the presence of crop residues [51] can alter enzymatic 
activity along with microbial biomass and community structure. In this study, we 
observed no significant differences in total enzymatic activity after ST in any of the 
treatments (P > 0.05). However, conventional tillage under stubble retention control 
and ST (CTSR and CTSR-ST) showed a higher enzymatic activity compared with 
NTSR-ST treatment (+ 0.8 fluorescein µg ml-1 g-1 soil h-1, P < 0.01, Fig. 1). In 
contrast, several studies suggested that enzymatic activity for NT is higher compared 
to CT and other tillage practices at 0-0.1 m depth [52, 53]. We observed significant 
differences between NT and CT treatments with a significant increase in bulk density 
on CT treatments. It is important to note that we assessed the top 10 cm and this 
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superficial depth is often dry in Vertisols. Changes in soil bulk density may have an 
impact on soil microbial activity and biochemical functions due to changes in formation 
of aggregates and water content. Various studies have demonstrated the impact of 
bulk density on enzymatic activity, soil communities and crop growth [54-56]. Similar 
to our findings, Bell, et al. [57] reported the impact of different soil managements on 
soil biota from Hermitage fallow trial. This study revealed a marginally higher total 
enzymatic activity for CTSR in comparison with CTSB (P = 0.06).  
 
 
Figure 1. Total enzymatic activity depicted in concentration of fluorescein in milligrams 
per gram of soil per hour for the following treatments: no-tillage stubble retained 
(NTSR), no-tillage stubble retained after ST (NTSR-ST), conventional tillage stubble 
retained (CTSR), conventional tillage stubble retained after ST (CTSR-ST), no-tillage 
stubble burnt (NT-SB), no-tillage stubble burnt after ST (NTSB-ST), conventional 
tillage stubble burnt (CTSB) and conventional tillage stubble burnt after ST (CTSB-
ST). Mean values are shown ±SE (n=4). Distinct letters represent statistically 
significant differences between treatments (P < 0.01). 
 
3.2 Soil microbial carbon substrate utilisation and diversity were not significantly 
altered after ST 
Biolog EcoPlatesTM is a well-known system for assessing changes in the use of soil 
carbon sources by soil microbial communities colonising a range of environments [58-
60]. Metabolic profiles have the potential use as an early indicator of soil quality after 
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an event of disturbance [61]. In the present study, substrate utilisation under different 
treatments (tillage implementation and stubble management) showed no significant 
differences after ST (P > 0.05). Likewise, substrate diversity and evenness diversity 
indices, calculated based on carbon substrate utilisation, remained the same after ST 
(Supplementary Table 1). The effect of NT and CT on microbial catabolic activity was 
previously investigated in soils collected from a wheat-maize-soybean rotation using 
14C-labeled plant residues substrates. In agreement with our results, no significant 
differences in the substrate utilisation were observed under the different tillage 
treatments [62]. Bissett, et al. [63] found no effect of tillage and nutrient additions on 
substrate use by microbial communities in a long-term wheat cropping experiment. 
These findings may be attributed to the sampling time. Short-term changes in 
substrate utilisation (hours to days) may not have been detected weeks after the tillage 
treatments [64], such as the sampling time point used in our study, which was 15 
weeks after ST. This may be explained by the high resistance and/or resilience of 
microbes in particular soils [65, 66]. The fact that ST was applied taking into account 
water content, time of deployment and tillage implement may have helped to reduce 
the effect on catabolic activity of microbial communities due to low impact on soil 
properties like C, N and pH (Table 2).  
 
Although there was no significant differences between treatments e.g no-tillage vs 
conventional tillage,catabolic activity of individual carbon guilds showed significant 
differences within treatments (P < 0.05, Table 3). The pattern of C utilisation within 
treatments may give us functional insights of the communities associated with wheat 
monocultures in Vertisols. The trend in substrate utilisation was generally observed as 
carbohydrates ≥ polymer = amino acids ≥ amines = carboxylic acids = phenolic 
compounds. There was a high utilisation of carbohydrates α-D-lactose, D-mannitol, D-
cellobiose, N-acetyl-D-glucosamine and the amino acid L-asparagine. Organic inputs 
into the soils have an impact on the capability of microbial utilisation of substrates. For 
instance, inputs of various organic C sources have an effect on microbial functional 
diversity [67]. In our case, stubble management may influence microbial catabolic 
activity by promoting the utilisation of certain carbon groups related to wheat residues. 
Consistent with our findings, Killham, et al. [68] suggested that, under continuous crop 
residue incorporation into the soil, microbial communities become ‘substrate-adapted’ 
and consequently decomposition time is reduced. Moreover, Jin, et al. [69] reported 
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that according to the type of litter added to the subsoil (zero, C3-plant-derived, C4-
plant-derived and C3-shoots and roots), soil microorganisms utilised different 
categories of carbon groups. There is a strong indication that the metabolic activity is 
more related to the availability of crop residue than to tillage practices, and this may 
partially explain why no significant changes could be observed after ST application for 
all treatments. However, further experiments should be undertaken to test this 
hypothesis.  
 
Table 3. Absorbance (OD 570 nm) of microbial utilisation of carbon guilds compared 
within treatments.  
 
  
Mean values ± SE (n = 4). Lowercase letters represent differences of carbon groups 
within treatment (P < 0.05). No-tillage stubble retained (NTSR), no-tillage stubble 
retained after ST (NTSR-ST), conventional tillage stubble retained (CTSR), 
conventional tillage stubble retained after ST (CTSR-ST), no-tillage stubble burnt (NT-
SB), no-tillage stubble burnt after ST (NTSB-ST), conventional tillage stubble burnt 
(CTSB) and conventional tillage stubble burnt after ST (CTSB-ST). 
 
3.3 Microbial community structure analysis 
A total of 90 and 86 terminal restriction fragments (T-RFs) or ribotypes were obtained 
using the restriction enzymes MspI and RsaI respectively. Bacterial fingerprints 
obtained with both enzymes were not affected by ST, as shown by the large dispersal 
NTSR NTSR-ST CTSR CTSR-ST NTSB NTSB-ST CTSB CTSB-ST
Carbohydrates
1.126a  
(± 0.004)
1.134a  
(± 0.018)
1.156a   (± 
0.014)
1.116a    
(± 0.023)
1.145a  
(± 0.023)
1.160a  
(± 0.018)
1.130a  
(± 0.013)
1.108a  
(± 0.017)
Amino acids
1.055a  
(± 0.016)
1.059a  
(± 0.027)
1.032abc 
(± 0.024)
1.014abc 
(± 0.016)
1.052a  
(± 0.026)
0.980b  
(± 0.009)
1.033a  
(± 0.015)
1.044a  
(± 0.011)
Amines
0.816b  
(± 0.058)
0.740b 
(± 0.018)
0.881bc (± 
0.092)
0.814bd 
(± 0.083)
0.826b  
(± 0.060)
0.853c  
(± 0.028)
0.788b (± 
0.025)
0.803b  
(± 0.046)
Carboxylic 
acids
0.827b  
(± 0.035)
0.837b 
(± 0.028)
0.880bc (± 
0.031)
0.905bcd 
(± 0.014)
0.828b  
(± 0.023)
0.882bc 
(± 0.030)
0.852bc 
(± 0.015)
0.888bc 
(± 0.010)
Phenolic 
compounds
0.908bc 
(± 0.016)
0.864b 
(± 0.025)
0.851c   (± 
0.034)
0.780d   
(± 0.053)
0.837b  
(± 0.072)
0.830c  
(± 0.030)
0.902c  
(± 0.038)
0.830b  
(± 0.023)
Polymers
1.041ac 
(± 0.024)
1.046a  
(± 0.055)
1.080ab (± 
0.053)
1.059a    
(± 0.038)
1.030ab 
(± 0.054)
0.994b  
(± 0.031)
1.035a  
(± 0.017)
0.995ac 
(± 0.057)
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of replicate samples of all treatments in the PCA (P > 0.05, Fig. 2). The first and second 
axes of the PCA (PCA1 and PCA2) explain 29.89% and 15.45% of the data variability 
for RsaI, respectively. Similar percentages were obtained for MspI 21.61% and 
16.65% (for PCA1 and PCA2, respectively). The use of several enzymes can facilitate 
the discrimination between different samples based on fingerprints [70]. Furthermore, 
MspI and RsaI are among the enzymes that give the best resolution for soil community 
fingerprint analysis [46, 71]. In this study we found that the use of RsaI provided a 
higher discrimination power compared with MspI (Supplementary Fig. 1).  
 
Effects of ST on bacterial fingerprints within each treatment (NTSR, NTSR-ST, CTSR, 
CTSR-ST, NTSB, NTSB-ST, CTSB and CTSB-ST) were also evaluated. Occasional 
tillage did not affect bacterial community structure within each tillage treatment (RDA, 
P > 0.05). In addition, the crop residue management (burnt or retained) under the 
same tillage operation did not have a detectable impact in bacterial genetic fingerprints 
in the 0-0.1 m profile. Although no clear effect of strategic tillage on bacterial 
community structure was revealed by T-RFLP, it is important to note that this result 
cannot be extended for fungal community structure. To our knowledge, the influence 
of strategic tillage on the structure of fungal communities in different soil types still 
remains unclear. More studies addressing the effect on fungal communities are 
required to assess the effect of ST at this site.  However, different studies have 
suggested that fungal diversity is lower in soils under conventional tillage than under 
no-till/conservation tillage, in particular for arbuscular mycorrhiza [72-74]. 
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Fig. 2. Principal Component Analysis of bacterial DNA fingerprints generated by the 
restriction enzymes MspI (A) and RsaI (B). Treatments are no-tillage stubble retained 
(NTSR), no-tillage stubble retained after ST (NTSR-ST), conventional tillage stubble 
retained (CTSR), conventional tillage stubble retained after ST (CTSR-ST), no-tillage 
stubble burnt (NT-SB), no-tillage stubble burnt after ST (NTSB-ST), conventional 
tillage stubble burnt (CTSB) and conventional tillage stubble burnt after ST (CTSB-
ST). Percentages in brackets correspond to the total explainable variability on each 
axis. 
 
Differences in community structure have been demonstrated to be more dependent 
on resource availability, season and environmental variables, especially for surface 
soils in long and short-term cultivation systems [52, 75, 76]. Soil physical properties 
have a strong influence on soil capacity to recover after disturbance events (soil 
resilience). For instance, montmorillonite and 2:1 layer silicate soils exhibit a higher 
resilience to compaction than other types of clay soils [77]. Due to the nature of shrink-
swell soils in this study, it is possible that the impact of ST on soil microbial 
communities was negligible because of the high soil resilience to compaction. Griffiths, 
et al. [66] suggested that soil physico-chemical properties have an effect on soil 
microbial community composition and structure, which affect soil biological resistance 
and resilience. Buckley and Schmidt [78] observed that microbial community structure 
remains nearly unchanged in soil samples that share a long-term agricultural 
management even with distinct tillage, chemical inputs, productivity and crop species.  
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The combined analysis of enzymatic and catabolic activity along with community 
structure have revealed a minimal impact after tillage in the short-term. High resilience 
and/or resistance of soil microbial communities may be the cause for the lack of 
changes. A combination of physico-chemical characteristics and type of tillage applied 
may have mitigated the effect of soil disturbance on the evaluated bioindicators. 
Physico-chemical properties have been proposed to control soil biological resilience 
and resistance by affecting the composition, structure and function of the microbial 
communities [66].  
 
4. Conclusions 
 
The use of occasional ST had a minor impact on the biological properties of the studied 
Vertisol under long-term NT or CT. Most studies suggest that after a tillage 
disturbance, soil microbial community diversity and activity decrease. However, 
several factors including soil management, physico-chemical properties, moisture and 
temperature influence the impact of soil management. In this case, Vertisol properties 
such as high clay content, bulk density and shrink-swell nature may play an important 
role on the resilience and/or resistance of the soil microbial communities. Even though 
further analysis in long-term trials are needed to evaluate biological indicators for a 
range of soils and different crops, our findings suggest that ST may be applied to 
overcome problems associated with long-term NT and CT systems, such as weed and 
crop diseases in Australia’s northern grain-growing region.  
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Supplementary material 
 
Table S1. Substrate diversity (H’) and substrate evenness (E) calculated for no-tillage 
stubble retained (NTSR), no-tillage stubble retained after ST application (NTSR-ST), 
conventional tillage stubble retained (CTSR), conventional tillage stubble retained 
after ST application (CTSR-ST), no-tillage stubble burning (NT-SB), no-tillage stubble 
burning after ST application (NTSB-ST), conventional tillage stubble burning (CTSB) 
and conventional tillage stubble burning after ST application (CTSB-ST).  
 
 H’ E 
NTSR 
NTSR-ST 
CTSR 
CTSR-ST 
NTSB 
NTSB-ST 
CTSB 
CTSB-ST 
3.392 ± 0.007 
3.383 ± 0.012 
3.450 ± 0.038 
3.398 ± 0.007 
3.397 ± 0.003 
3.396 ± 0.007 
3.394 ± 0.006 
3.383 ±0.020 
0.988 ± 0.002 
0.985 ± 0.004 
1.005 ± 0.011 
0.989 ± 0.002 
0.989 ± 0.001 
0.989 ± 0.002 
0.988 ± 0.002 
0.985 ± 0.006 
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Fig. S1. Redundancy analysis of the T-RFLP data obtained with the restriction 
enzymes MspI and RsaI. Percentages in brackets corresponds to the local explainable 
variability on each axis. 
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Chapter 4: Short-term effect of strategic tillage following 44 years for no tillage 
and conventional tillage 
 
Overview 
 
Following the previous study on the effect of ST 3 months post tillage application, 
microbial indicators were analysed during the next fallow period (after one year ST) at 
Hermitage research station. Since minimal changes were observed in the previous 
chapter, I investigated the possibility of changes after crop harvest and environmental 
factors taking place between fallow periods. In this chapter, biological indicators as 
microbial biomass (chloroform-fumigation), enzymatic activity (FDA) and metabolic 
diversity (Microresp®) were analysed to complete aim 1 of this study to characterise 
soil biological indicators. Soil community composition and structure were assessed 
through high throughput sequencing phylogenetic marker gene sequencing and 
community structure (T-RFLP) to complete aim 2 regarding characterization of 
bacterial, archaeal and fungal communities. The treatments selected were NT, NT 
after ST, CT and CT after ST in soils under stubble retention. Soil samples were 
collected from 0.0 - 0.1 m and 0.1 - 0.2 m.  
 
Highlights 
 
 Microbial biomass and enzymatic activity were not affected after one year post 
ST in continuous NT and CT. 
 Microbial community composition was not affected after ST application 
however there was a clear distinction between no-tillage and conventional 
tillage treatments for bacterial and archaeal communities (higher and lower 
abundance of operational taxonomic units (OTUs)). 
 Strategic tillage only affected specific OTUs in no-tillage and conventional 
tillage systems in 0.0-0.1 m and 0.1-0.2 m soil depth. 
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Chapter 4: Short-term effect of strategic tillage following 44 years for no tillage 
and conventional tillage 
 
Vivian A. Rincon-Florez, Lilia C. Carvalhais, Yash P. Dang, Mark H. Crawford, Peer 
M. Schenk, Paul G. Dennis 
 
Abstract 
The impact of one-time occasional strategic tillage (ST) was evaluated on 
biological indicators of soil health and microbial community diversity after 44 years of 
continuous no-tillage (NT) and conventional tillage (CT) managements on black 
Vertisol. Microbial biomass, enzymatic activity, metabolic diversity, composition and 
structure were assessed after 13 months of a tillage operation at 0.0-0.1 m and 0.1-
0.2 m soil depths. High throughput phylogenetic marker gene sequencing revealed 69 
operational taxonomic units (OTUs) for bacteria and archaea with a relative 
abundance higher than 1%. Acidobacteria and Crenarchaeota were the most 
abundant phyla with 28.1% and 25.1% respectively. Meanwhile, 51 OTUs with a 
relative abundance higher than 1% were found. Ascomycota was the most abundant 
phylum with 51% of OTUs. Overall, no major effects of ST were observed for either 
NT or CT. However, differences between depths were observed for community 
composition and activity after ST application in NT and CT systems. Our results 
suggest that a ST operation exerts a low impact on several biological properties, as 
well as, bacterial, archaeal and fungal composition after 13 months of application. 
Therefore, ST has the potential to be used as a strategy to control weed and diseases 
without compromising soil health. 
 
Keywords: Pyrosequencing, enzymatic activity, metabolic diversity, microbial 
biomass, archaeal communities, bacterial communities, Vertisol. 
 
1. Introduction 
 
The increase in hard-to-kill weeds and crop diseases in no-tillage farming 
systems (NT) have led farmers and scientists into a search for more flexible 
approaches for soil management practices. The use of a strategic tillage (or occasional 
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tillage) that takes into account soil moisture, time of application and tillage implements 
was touted as a possible solution to reduce detrimental effects associated with NT 
managements (Dang et al., 2015a). Still, concerns over the effect of tillage on soil 
productivity, including biological soil quality, remain present among farmers. Soil 
microbial communities play a major role in soil nutrient cycling, soil formation and 
organic matter turnover which can be directly linked to soil quality (Schloter et al., 
2003). Soil microbial communities are considered suitable biological indicators due to 
their prompt response to disturbance events (Bending et al., 2000; Sharma et al., 
2011). Microbial biomass, enzymatic and metabolic activity and community 
fingerprinting are among the indices more frequently used to evaluate the effect of 
tillage on soils. 
The microbial biomass is responsible for the decomposition of organic matter 
and nutrient turnover (Miltner et al., 2012). Different farming management can alter 
microbial biomass, thus soil functions. Compared to NT, conventional tillage (CT) 
tends to increase carbon content in deeper soil profiles due to incorporation of stubble 
into soil (Van Groenigen et al., 2010). However, NT systems tend to have higher 
microbial biomass compared to CT as a result of stubble retention and aggregate 
formation (Babujia et al., 2010; Balota et al., 2004; Van Groenigen et al., 2010). 
Several studies have shown that under NT, microbial biomass is more abundant on 
the top 0.05 m depth and decreases in deeper soil profiles. This variation in abundance 
has been directly related to the amount of organic carbon input from plant biomass 
that the system receives in the different soil profiles (Fierer et al., 2003; Govaerts et 
al., 2007). Similar trends can be observed for enzyme activity, where catabolic activity 
increases in soils under minimum disturbance compared to CT treatments (González-
Prieto et al., 2013). Under long-term NT systems, occasional tillage has shown to have 
minimal impact in enzyme activity after 3 months and one year post-application, as 
well as under different frequencies of tillage operation (Crawford et al., 2015; Rincon-
Florez et al., 2016a; Rincon-Florez et al., 2016b). Some studies suggest that the lack 
of changes in metabolic activity is more related to soil physicochemical properties 
rather than to soil management (Girvan et al., 2003; Wakelin et al., 2008). 
Microbial diversity and composition are of paramount importance for soil 
processes and can be altered by a wide range of biotic and abiotic factors (Nannipieri 
et al., 2003). Tillage can induce changes in soil organic C, pH, moisture and 
aggregates (Fuentes et al., 2009; López-Fando and Pardo, 2009; Moussa-Machraoui 
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et al., 2010) that can alter the ability for soil microbial communities to interact with the 
environment, thus shaping the diversity and function of these communities (Delmont 
et al., 2014; Mathew et al., 2012; Sengupta and Dick, 2015). For instance, Souza et 
al. (2013) showed that microbial communities associated with residue decomposition, 
carbon and nitrogen cycling are more related to CT, whereas NT communities were 
more related to nitrogen fixation and archaea. Several studies have reported that 
under no-tillage practices bacterial and fungal diversities are higher than in soils under 
disturbance (Ceja-Navarro et al., 2010; Lupwayi et al., 2004; Mathew et al., 2012). 
The objective of this study was to determine the effect of strategic tillage on soil 
microbial communities in long-term NT and CT systems. We used several biological 
indicators including microbial biomass, microbial activity, metabolic diversity; and 
bacteria, archaea and fungal structure to evaluate the impact of tillage after one year 
post-application. We hypothesised that biological indicators and soil microbial 
community diversity return to their status before strategic tillage one year post-
operation.  
 
2. Materials and methods 
 
2.1 Site description and experimental design 
The study was conducted at the Hermitage Research Station located in 
Warwick, QLD Australia (28°12’ S, 152°06’ E). The soil is classified as a self-mulching, 
black Vertisol (Isbell, 2002) with 650 g kg-1 clay, 240 g kg-1 silt and 110 g kg-1 sand in 
the top 0.1 m. Mean annual rainfall varies from 650 mm to 700 mm, with more than 
50% received during summer (Dalal et al., 2011). Temperatures range from 
approximately 28°C during summer to 18.7°C during winter. The plots were 
established in December 1968 to study the effect of soil management (no-tillage or 
conventional tillage), stubble retention (retained or burnt) and fertiliser application (0, 
23, 69 kg N ha-1 yr-1) on crop yields and soil properties. In the first 29 years, Triticum 
aestivum L. cv. Timgalen was sown to be later changed for Baxter/Gregory in the 
remaining years. From 1975 to 1977, crops were rotated with Hordeum vulgare L. cv. 
Clipper to break the infection cycle of the fungus Pyrenophora triticirepentis. Original 
treatments were aligned longitudinally and replicated into four randomised plots of 
approximately 61.9 m x 6.4 m with a 0.8 m buffer zone between each plot. No-tillage 
120 
operations involved herbicide spray application for weed control. Conventional tillage 
had four to five passes with chisel plow during the fallow period (Dalal et al., 2011; 
Marley and Littler, 1989; Probert et al., 1995). 
During the fallow period of March 2012, each plot was longitudinally divided in 
half to facilitate the application of ST on one side and retained original treatment on 
the other side with final effective plot sizes of 61.9 m x 2.7 m a buffer zone of 0.6 m. 
ST was applied with a chisel to a depth of 0.15 m. Final treatments included no-tillage 
control (NTNT), strategic tillage in no-till systems (NTST), conventional tillage control 
(CTCT) and strategic tillage in no-tillage systems (CTST). For the purpose of this 
study, the plots targeted were under no-tillage or conventional tillage, stubble retention 
and no fertiliser (0N). Soils were collected inter-row, drawing an imaginary z shape in 
the middle of the plot in an area of 31 m x 2.7 m and a buffer zone of 0.15 m. A total 
of seven bulk soil samples were collected from 0.0 – 0.1 m and 0.1 – 0.2 m using a 
hand shovel in April 2013. Soil samples were composited according to depth and 
transported in sealed bags to the laboratory where visible residues were removed by 
hand picking. Soils were then sieved (porosity < 4 mm) and 20 g of soil per plot was 
sent for physicochemical analysis to Analytical Services at the University of 
Queensland (Supplementary Table S1). The remaining soil samples were stored at -
20°C for further analysis. 
 
2.2 Microbial community structure 
 
2.2.1 DNA extraction 
For DNA extraction, soil samples were sonicated to disrupt soil aggregates. 
Briefly, 5 g of fresh soil was added to a 50 mL tube containing 5 mL of phosphate 
buffered saline (PBS, 8 g NaCl, 0.2 g KCl, 1.8 g NaHPO4.2H2O, 800 mL distilled water 
pH 7.2). The slurry was vortexed to be mixed thoroughly and then sonicated at a low 
frequency with alternating 30 s intervals of burst and rest during 5 min. The slurry was 
left for 10 s to settle. Afterwards, the supernatant was transferred to a 1.5 mL 
microcentrifuge tube and centrifuged for 1 min at 9,500 x g. Approximately, 0.3 g of 
soil was used as a starter material for DNA extraction using the MoBio kit 
PowerLyzerTM (MoBio Laboratories, CA). DNA extraction was performed according to 
the manufacturer’s instructions for low biomass soils. Final DNA concentration was 
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measured using Qubit® fluorometric quantitation 2.0 (Life Technologies, CA,USA) and 
checked in a 1% agarose gel. DNA was stored at -20°C for further analysis. 
 
2.2.2 Pyrosequencing of archaeal and bacterial 16S rRNA and fungi gene amplicons 
ITS 
Archaeal and bacterial 16S rRNA genes were targeted for partial amplification 
using 454 pyrosequencing. The primers used were 926F (5’ – AAA CTY AAA KGA 
ATT GRC GG – 3’) and 1392R (5’ – ACG GGC GGT GWG TRC – 3’) modified on the 
5’ end with 454 FLX Titanium Lib adapter (5’- CCA TCT CAT CCC TGC TGT TCT 
CCG AC – 3’) plus the amplicon sequence (5’ – TCAG – 3’). For fungi, the internal 
transcribed spacer (ITS2) region of the ribosomal RNA was amplified using the primers 
gITS7 (5’-GTG ART CAT CGA RTC TTTG-3’) and ITS4 (5’-TCC TCC GCT TAT TGA 
TAT GC-3’). Each sample was amplified with a unique multiplex identifiers (MIDs) 
used as barcodes (see Supplementary Table S1). The PCR reaction was carried out 
in a total volume of 20 µL containing approximately 0.6 ng DNA, 0.5 mM and 0.3 mM 
for gITS7 and gITS4 primers, respectively, 0.2 mM dNTPs and 1 unit of Phire Hot Start 
II polymerase. Thermocycling conditions were as follow: 98°C for 30 s, 27 cycles of 
98°C for 5 s, 55°C and 56°C for 20 s for 16srRNA and ITS regions, respectively, and 
an elongation step at 72°C for 20 s, followed by a final step at 72°C for 1 min. PCR 
was performed in triplicates and pooled per sample. Amplicons were purified using the 
Wizard ® SV gel and PCR clean-up system kits (Promega, CA,USA) and quantified 
using a NanodropTM (Thermo Fisher Scientific Inc, MA). Samples were normalised to 
84 and 44 ng µL-1 for 16SrRNA and ITS regions, respectively, and pooled for 454 
pyrosequencing. After and additional purification step using the QIAquick PCR 
purification kit (Qiagen Hilden, Germany), sequencing was performed by Macrogen 
(Seoul, Korea). Analysis of sequence data was performed following Dennis et al. 
(2013). After data was retrieved, sequences were quality filtered and dereplicated 
using the QIIME script plit_libraries.py with the homopolymer filter deactivated 
(Caporaso et al., 2010). Chimeras were revised against the GreenGenes database 
through uchime ver.3.0.617 and formation of homopolymer errors were amended 
using Acacia (Bragg et al., 2012; Edgar et al., 2011). Once the data were normalised, 
sequences were subjected to the following steps with QIIME script with the default 
settings: 1) sequences were clustered at 97% similarity, 2) cluster representative was 
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randomly selected, 3) GreenGenes and UNITE taxonomy were designated to the 
cluster representative using BLAST, 4) tables were generated with the abundance of 
different operational taxonomic units (OTUs) and their taxonomic assignment. The 
numbers of reads obtained were normalised to 1,250 per sample for bacteria and 
archaea and 1,000 for fungal communities to reduce bias for diversity analysis. 
 
2.2.3 Terminal Restriction Fragment Length Polymorphism (T-RFLP) 
PCR amplification of the bacterial 16S ribosomal DNA region was carried out 
using a universal primer set 27F (5’ - AGA GTT TGA TCM TGG CTC AG - 3’) which 
was fluorescently-labelled with 6-carboxyfluorescein (6-FAM) at the 5’ end and 1492R 
(5’ – TAC GGY TAC CTT GTT ACG ACT – 3’). The reaction contained 0.2 µM of each 
primer, 0.2 µM dNTPs mix and 1 unit of Phire ® Hot Start II DNA polymerase. Cycling 
conditions were 30 s at 98°C followed by 27 cycles of 5 s at 98°C, 5 s at 54.5°C and 
20 s at 72°C, finalising with 1 min of 72°C. A 1% agarose gel with TAE buffer (40 mM 
Tris, 20 mM NaOAc, 1 mM EDTA, pH 8) was used to verify the product. PCR 
amplification was performed twice per sample to be later combined. A total of 20 µL of 
PCR product was digested with 1 unit of the restriction enzyme MspI at 37°C for 1 h. 
Digested amplicons were purified with the Wizard ® SV gel and PCR clean-up system 
kits (Promega, CA) and sent to AGRF (Australian Genome Research Facility Ltd, 
Melbourne, Australia) for fragment analysis. Data retrieved was analysed using peak 
area. The fragments between 65 and 500 bp were included in the analysis. Relative 
abundance was calculated and values lower than 1% were removed from the matrix. 
Lastly, relative abundance was calculated for the new matrix followed by Hellinger 
transformation for statistical analysis. 
 
2.3 Microbial biomass 
Microbial biomass carbon and nitrogen were measured using the fumigation-
extraction method (Beck et al., 1997; Brookes et al., 1985). Briefly, two subsamples of 
10 g of soil (corresponding to oven-dry weight) per plot were weighed. The first 10 g 
were fumigated with ethanol-free chloroform (CHCl3) at room temperature in a sealed 
desiccator and left in the dark for 36 h. Soluble carbon and nitrogen were extracted for 
the fumigated and unfumigated samples with 50 mL of 0.5M potassium sulphate 
(K2SO4) by shaking on an orbital shaker for 1 h at 250 rotations min-1. Samples were 
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centrifuged at 120 rpm for 5 min and filtered through a Whatman No 1 filter paper. Soil 
extracts were sent for total carbon and total nitrogen analysis to Analytical Services at 
Gatton Campus, University of Queensland. Total carbon and nitrogen contents were 
calculated as the difference between fumigated and unfumigated samples divided by 
the constant soil-specific calibration coefficient KEC = 0.45 for carbon and KEC=0.54 for 
nitrogen. 
 
2.4 Microbial activity 
 
2.4.1 Total microbial enzyme activity 
Fluorescein diacetate (FDA) hydrolysis, often used as indicative of total 
microbial enzyme activity was determined following Adam and Duncan (2001) 
description with minor changes. To start, 2 g of fresh weight soil was added to a 50 
mL tube containing 15 mL of 60 mM potassium phosphate buffer (pH 7.6). To start the 
hydrolysis, 200 µL FDA (1000 µg/mL) was added to the mix. The samples were shaken 
and placed in an incubator/shaker (N-biotec, Inc) for 1 h at 30°C and 150 rpm. To stop 
the hydrolysis, 1 mL of the mix was combined in a 2 mL microcentrifuge tube that 
contained 1 mL of 2:1 chloroform:methanol. The microcentrifuge tubes were then 
centrifuged for 3 min at 10,000 x g and 250 µL of the supernatant was aliquoted into 
a 96-well plate with technical triplicates per sample. Plates were read at 450 nm using 
a microtiter plate reader (BMG Lab, Ortenberg, Germany).  
 
2.4.2 Substrate utilisation potential 
Microbial functional diversity was measured using the MicrorespTM system 
(James Hutton Institute, Invergowrie, Scotland UK) as per Campbell et al. (2003). 
About 0.4 g of fresh soil was weighted into a deep-well microplate and 25 µL of 
substrate was added to each well to reach 60% of soil moisture content. Substrates 
were run in triplicates and included three amino acids (L-arginine, L-alanine, 4-
aminobutyric acid), six carbohydrates (BD-fructose, D-trehalose, D-glucose, D-xylose, 
D-cellobiose, D-mannitol), five carboxylic acids (citric acid, L-malic acid, methyl 
pyruvate, oxalic acid, D-galacturonic acid) and one polymer (Tween 40). Substrates 
were prepared to deliver 30 mg g-1 of soil (citric acid, B-d-fructose, D-trehalose, D-
glucose, L-malic acid and methyl pyruvate) or 7.5 mg g-1 of soil (oxalic acid, D-xylose, 
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Tween 40, D-cellobiose, L-alanine, D-galacturonic acid, D-mannitol, 4-aminobutyric 
acid and L-arginine). Detection plates were prepared following the manufacturer’s 
recommendations and stored for 2 days at room temperature in the dark. Deep-well 
microplates with soil and substrates were covered with a detection plate using a silicon 
seal and incubated for 6 h at 25°C. Optical density was read at 570 nm before and 
after incubation using a microplate spectrophotometer (Biotek, Winooski VT). Final 
OD570 was normalised and converted to substrate-induced respiration (SIR) rates and 
Log10(x+1) transformed for statistical analysis. 
 
2.5 Statistical analysis 
Differences between treatments and depths for soil physicochemical 
properties, microbial activity and composition were statistically tested using multiple 
regression and permutation tests to evaluate the effect of the different tillage 
treatments using the package ‘vegan’ from R (Dixon and Palmer, 2003). Heatmaps 
were computed using RStudio software v0.97.310 © 2009-2012 and InkScape 0.48.2. 
Bar graphs for microbial biomass and total enzymatic activity were generated with 
PRISM v6.0. 
 
3. Results 
 
3.1 Microbial community structure 
3.1.1 Phylogenetic marker gene high throughput sequencing 
A total of 10,102 OTUs was detected for bacterial and archaeal communities. 
Furthermore, 69 OTUs were found to be present at relative abundances higher than 
1% (Fig. 1), with Acidobacteria and Crenarchaeota as the most abundant phyla 
(Supplementary Fig. S1). Soil composition showed a significant difference for 
contrasting land managements and between depths for NTNT against CTCT (Table 
1; P < 0.05). Comparisons between single OTUs showed a total of 14 OTUs that 
differed in relative abundance between NTNT and CTCT systems (Fig. 2). 
Furthermore, 14 single OTUs were found to differ between depths when NTNT and 
CTCT were compared (Supplementary Table S1). Overall, the application of ST in 
NTNT and CTCT systems showed no significant differences in community 
composition. However, there was a significant depth effect after ST application in 
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NTNT (Table 2) and CTCT systems (Table 3). Single OTUs were compared after ST 
treatment and showed a total of 10 OTUs with significant differences in NTNT systems 
(Supplementary Table S1). Meanwhile, 20 single OTUs were shown to have significant 
differences after ST application in CTCT systems (Supplementary Table S1).  
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Fig. 1 Heatmap of Hellinger transformed bacterial and archaeal OTUs present at a 
relative abundance higher than 1%. Treatments included no-tillage (NTNT), strategic 
tillage on no-tillage systems (NTST), conventional tillage (CTCT) and strategic tillage 
on conventional tillage (CTST) at 0.0-0.1 m and 0.1-0.2 m soil depths. 
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Fig 2. Hellinger transformed bacterial and archaeal single OTUs present at a relative 
abundance higher than 1% that differed from NTNT treatments (no-tillage control) and 
CTCT treatments (conventional tillage control). Bars represent standard deviation 
from 3 replicates. OTU numbers. taxonomic affiliations for OTUs: 1, 2, 4 and 5 
(g_Candidatus nitrososphaera), 18 and 21 (c_Chloracidobacteria), 23 
(g_Arthrobacter), 24 (g_Rhodoccocus), 25 (f_Nocardioidaceae), 26 
(f_Propionibacteriaceae), 29 (o_MC47), 50 (o_Gemmatimonadales), 57 
(g_Balneimomas), 61 (g_Methylibium). 
 
For fungal communities, we obtained a total of 51 OTUs with an average 
relative abundance higher than 1%. Ascomycota was the dominant group, being 
present at 51.8% relative abundance, followed by Zygomycota (26.7%), 
Basidiomycota (6%), Chytridiomycota (0.9%), glomeromycota (0.1%) and unidentify 
(14.5%) (Supplementary Fig. S2). Taxonomic classification was assigned for 34 OTUs 
(Fig. 3), however for 17 OTUs no hits were found with sequences in the UNITE 
database. Differing from bacterial and archaeal communities, fungal communities 
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showed no significant differences between contrasting land managements (NTNT vs 
CTCT). However, there was a depth effect in the community composition for these 
treatments (Table 1). Analysis of single OTUs showed a depth effect for 14 single 
OTUs (Supplementary Table S2). The most common OTUs in CT systems were 
Penicillium sp. (14.7%) and Talaromyces sp. (14.1%). Meanwhile, in NT systems the 
most common genera were Aspergillus sp. (12.6%) and Penicillium sp. (11.7%). ST 
application showed no significant effect in fungal diversity one year post tillage 
application. However, there was a significant depth effect for NTNT (Table 2) and 
CTCT after ST application (Table 3). We obtained a total of 9 single OTUs that showed 
depth effect after ST application in NT systems (NTNT vs NTST, Supplementary Table 
S2) and 8 single OTUs showing a depth effect after ST in CT systems (CTST vs CTCT, 
Supplementary Table S2). 
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Fig. 3 Heatmap of Hellinger transformed fungi OTUs present at a relative abundance 
higher than 1%. Treatments included no-tillage (NT), strategic tillage on no-tillage 
systems (NTST), conventional tillage (CT) and strategic tillage on conventional tillage 
(CTST) at 0.0-0.1 m and 0.1-0.2 m soil depths. 
 
 
3.2.2 T-RFLP 
The restriction enzyme MspI showed a total of 111 terminal restriction 
fragments (T-RFs) for all treatments. Significant differences were observed between 
NTNT and CTCT managements, which is consistent with archaeal and bacterial high 
throughput sequencing  (Table 1, P < 0.05). Furthermore, we observed changes in the 
community structure between depths when comparing NTNT systems and CTCT 
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systems (Table 1, P < 0.05). After ST application, no significant changes were 
observed in community structure for NTNT systems or CTCT systems. However, 
significant differences were observed between depths for NTNT (Table 2, P < 0.05) 
and CTCT (Table 3, P < 0.05) 
 
Table 1. Comparison between no-tillage (NTNT) and conventional tillage (CTCT) and 
depth effect on the composition and activity of soil microbial communities.  
 
Response variable 
Predictor 
variables 
Df 
F 
value 
R2 (%) 
P 
value 
Hellinger transformed NTNT vs CTCT 1 1.44 8.81 0.012 
Bacterial OTUs Depth 1 1.85 11.34 <0.001 
  Residuals 13   79.9   
  Total 15   100   
Hellinger transformed Depth 1 3.17 24.08 0.002 
Fungal OTUs Residuals 10   75.9   
  Total 11   100   
Hellinger transformed NTNT vs CTCT 1 2.66 14.69 0.004 
T-RFs Depth 1 2.47 13.61 0.002 
  Residuals 13   71.7   
  Total 15   100   
Log10 (x+1) 
transformed 
Depth 1 7.04 33.45 <0.001 
CLPP Residuals 14   66.6   
  Total 15   100   
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Table 2. Depth effect between no-tillage (NTNT) and the application of strategic tillage 
on no-tillage systems (NTST) on the composition and activity of soil microbial 
communities. 
Response variable 
Predictor 
variables 
Df 
F 
value 
R2 (%) 
P 
value 
Hellinger transformed Depth 1 1.61 10.34 0.002 
Bacterial OTUs Residuals 14   89.7   
  Total 15   100   
Hellinger transformed Depth 1 2.79 21.79 0.003 
Fungal OTUs Residuals 10   78.2   
  Total 11   100   
Hellinger transformed Depth 1 2.46 14.96 0.005 
T-RFs Residuals 14   85.0   
  Total 15   100   
Log10 (x+1) 
transformed 
Depth 1 9.95 41.54 <0.001 
CLPP Residuals 14   58.5   
  Total 15   100   
 
Table 3. Depth effect between conventional tillage (CTCT) and the application of 
strategic tillage in conventional tillage systems (CTST) on the composition and activity 
of soil microbial communities. 
 
Response variable 
Predictor 
variables 
Df 
F 
value 
R2 (%) 
P 
value 
Hellinger transformed Depth 1 1.97 12.32 < 0.001 
Bacterial OTUs Residuals 14   87.7   
  Total 15   100   
Hellinger transformed Depth 1 2.00 16.7 0.002 
Fungal OTUs Residuals 10   83.3   
  Total 11   100   
Hellinger transformed Depth 1 3.64 20.62 < 0.001 
T-RFs Residuals 14   79.4   
  Total 15   100   
Log10 (x+1) 
transformed 
Depth 1 2.85 16.89 0.026 
CLPP Residuals 14   83.1   
  Total 15   100   
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3.3 Microbial biomass  
Comparisons between NTNT and CTCT managements showed no significant 
differences in microbial biomass C and N. After 13 months of tillage implementation, 
ST showed no significant differences compared to NTNT or CTCT systems for 
microbial biomass C and N at both the soil depths tested (Supplementary Fig. S3, P > 
0.05). Microbial biomass carbon and nitrogen ranged from 0.1153 to 0.0005 g per kg 
and 0.02 to 0.001 g per kg of fresh soil, respectively. Overall, significant differences in 
microbial biomass were not found between soil depths (Supplementary Fig. S3). 
3.4 Microbial activity 
 
3.4.1 Total microbial enzyme activity 
The FDA assay did not differentiate between soils under NTNT and CTCT 
systems for either of the treatments (Supplementary Fig. S3). Data analysis for 
microbial enzymatic activity showed no significant differences for treatments NTST 
and CTST after comparison with the control NTNT and CTCT (Supplementary Fig. S3, 
P > 0.05). Comparison between soil depths showed no changes in the potential 
enzymatic activity within treatments after one year of tillage implementation. FDA 
values for NT systems varied from 0.7 to 2.6 µg of fluorescein per g of soil per hour; 
meanwhile, values for CT ranged from 0.91 to 2.3 µg of fluorescein per g of soil per 
hour. 
 
3.4.2 Substrate utilisation potential 
As indicated by the Microresp® essay, carbon substrate utilisation did not show 
any significant differences between contrasting land management NTNT and CTCT 
systems. Yet, we found significant differences in carbon utilisation between soil depths 
when comparing NTNT and CTCT (Table 1). The analysis for single carbon sources 
showed that carbohydrates (D-trehalose, D-xylose, D-cellobiose, D-glucose and BD-
fructose), carboxylic acid (L-malic acid), amino acids (L-alanine and L-arginine) and 
polymer (Tween 40) showed a depth effect for NTNT against CTCT treatments. After 
one year of ST application, no differences were observed for NT or CT treatments. 
However, analysis of depth showed significant differences for NTNT against NTST 
(Table 2) and CTCT against CTST (Table 3). Analysis of single carbon sources after 
ST application showed significant differences for depth for carbohydrates (D-
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trehalose, D-xylose, D-cellobiose, D-glucose and BD-fructose), carboxylic acid (L-
malic acid), amino acids (L-alanine and L-arginine) and polymer (Tween 40) between 
NTNT and NTST (Supplementary Fig S4). In addition, when treatments under CTCT 
were compared against CTST, differences in soil depth were observed for single 
carbon sources. These included carbohydrates (D-glucose, D-cellobiose, D-trehalose 
and D-xylose) and one amino acid (4-aminobutyric acid). 
 
3.5 Soil characteristics 
Comparisons between contrasting land managements showed no significant 
differences for the physicochemical properties at both soil depths tested. At 0.1-0.2 m 
depth, CT soils were significantly more alkaline than NT soils (Supplementary Table 
S3). Nevertheless, significant differences in pH between depths were only observed 
for NT. Compared to surface soils, in subsoils a significant increase of nearly 0.2% of 
the gravimetric water content was found for all treatments (P ≤ 0.05). Significant 
differences were observed in soil electrical conductivity (EC) for subsoils when NT 
treatment was compared to NTST treatment and CT treatment against CTST 
treatment (P ≤ 0.05). In addition, differences in EC were also observed between 
depths for all treatments, with a significant increase for subsoils.  
 
4. Discussion 
 
The use of strategic tillage in no-tillage systems has raised concerns amongst 
farmers over possible repercussions on soil quality (Dang et al., 2015b). One year 
after a tillage application, we observed minimal changes in microbial structure and 
activity at both soil depths. A range of studies have demonstrated that occasional 
tillage promotes only mild changes in abundance and distribution of soil microbial 
communities in the short term and thus offers low risk to soil health. Changes observed 
after tillage application may have been attributed to soil-physicochemical properties 
and resistance and/or resilience of the microbial communities (Liu et al., 2016; Rincon-
Florez et al., 2016a; Rincon-Florez et al., 2016b; Wortmann et al., 2010; Wortmann et 
al., 2008). The different bioindicators used in the present study provided a better 
understanding on the dynamics of these communities after disturbance and made it 
possible to compare contrasting land managements. 
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Our findings revealed that there was a clear difference in community 
composition between agricultural soils under NTNT and CTCT communities. For 
instance, we observed increased abundances of representatives of Candidatus 
nitrososphaera, Actinobacteria (OTUs 23, 26 and 29), Gemmatimonadetes (OTU 50), 
Baldeimonas sp. and Methylibium sp. in CTCT treatments compared to NTNT. 
Alternatively, OTUs affiliated to Acidobacteria (OTUs 18 and 21) and Actinobacteria 
(OTU 25) were present at lower abundance in CTCT compared to NTNT. The most 
abundant bacterial groups were Acidobacteria followed Actinobacteria/Bacteroidetes 
(Supplementary Fig S1). This contradicts previous studies on Australian soils which 
revealed Actinobacteria or Proteobacteria as major soil bacterial group (He et al., 
2006, Stackebrandt et al., 1993, Liesack and Stackebrandt, 1992) Community 
composition during the fallow period is often associated with litter decomposition and 
microbial succession patterns (Drijber et al., 2000). Furthermore, wheat monoculture 
and edaphic properties of this Vertisol may have helped to give an advantage to these 
specific communities. For instance, land management can alter the relative 
abundance of OTUs due to possible changes in total organic carbon and soil clay 
content (Navarro-Noya et al., 2013).Even though microbial composition was different 
in distinct long-term agricultural management practices, one year after strategic tillage 
application, microbial communities seemed to be resilient and/or resistant to 
disturbance. Low impact on soil properties may have helped to minimise the effect of 
strategic tillage on soil microbial communities (Rincon-Florez et al., 2016b). Our study 
is in agreement with Liu et al. (2016), who revealed no significant differences after an 
occasional tillage application in an Australian grey Vertisol. However, bacterial and 
archaeal communities differed between depths.   
In contrast to our findings on bacterial and archaeal diversity, fungal 
communities showed no significant differences between long-term NT and CT or ST. 
This suggests that long-term history of agricultural practices have resulted in similar 
fungal composition along the plots. After disturbance, fungal communities may have a 
high recovery rate during the fallow period. Babujia et al., (2014) showed that fungal 
communities may be more resistant to disturbance compared to bacterial communities 
in a NT and CT system within a soybean-wheat crop rotation. Furthermore, Wang et 
al., (2016) showed minimal differences in fungal community composition between NT 
and CT systems probably due to the high abundance of Ascomycota (> 87%) for both 
farming practices. Most studies have shown an increase of fungal abundance under 
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no-till management compared to conventional tillage due to stubble incorporation (Van 
Groening et al., 2010, Drijber et al., 2000). Our findings may also result from the time 
of collection, which is characterised by low stubble incorporation thus a decrease in 
carbon sources and minerals. Regarding the abundance of the fungal populations, 
Penicillium sp. had been previously reported to have high abundance in wheat fields 
(Wang et al., 2010). Possibly, the long-term history of stubble retention in wheat fields 
has made this fungus a successful competitor for nutrients amongst bacteria and other 
fungal populations. Even though Penicillium sp. is predominant in NT and CT soils, a 
relatively high percentage of Talaromyces sp. was found in CT systems (14.1%), of 
which some species have been found to play an antagonistic role against plant 
pathogens (Naraghi et al., 2010; Yamagiwa et al., 2011). Meanwhile, Aspergillus sp. 
was found predominant in NT systems. Gomez et al. (2007) reported high abundance 
and frequency of different Aspergillus species after vegetation clearance and further 
land management. The success reflected by the consistently high abundance of this 
genus may be related to the efficiency of use of different substrates.  
In agreement with our previous results, T-RFLP was sensitive enough to detect 
differences between contrasting land managements (NTNT compared to CTCT) and 
confirmed data obtained from high throughput sequencing. Changes in microbial 
structure have possibly been associated to nutrient availability, season and 
environmental variables (Acosta-Martinez et al., 2007; Jackson et al., 2003). Tillage 
causes temporary stress that can decrease the capability of microbes to uptake 
nutrients. This is aggravated by properties of Vertisols such as clay content and shrink 
and swelling properties (Cookson et al., 2008). However, the use of ST caused no 
major impact in soil microbial communities. Our findings suggest that levels of 
disturbance provided by ST are low, which allows microbial communities to recover 
faster. Furthermore, soil properties that affect the resistance and/or resilience of these 
communities including swelling and shrinking properties are expected to be pivotal in 
such an outcome. T-RFLP is commonly used for comparative microbial community 
analysis, however, it does not have the same resolution as high throughput 
phylogenetic marker gene sequencing (Rastogi and Sani, 2011; Rincon-Florez et al., 
2013).  
Catabolic activity between different land managements (NTNT vs CTCT) 
showed no significant differences. Previous studies have successfully shown the 
Microresp® method as a robust biological indicator for land management practices 
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and soil properties (Campbell et al., 2003; Creamer et al., 2016). Land management 
history like monoculture and residue retention may have shaped the metabolic 
fingerprinting of these microbial communities causing no distinction between NTNT 
and CTCT treatments. A range of studies have suggested that soil physicochemical 
changes including pH, organic matter and moisture are drivers for changes in microbial 
metabolic activity (Brockett et al., 2012; Rousk et al., 2010; Wakelin et al., 2008). 
However, time of collection and disturbance may have contributed to the lack of 
differences. One year after disturbance soil microbial communities may seem to be 
resistant to the tillage application. This can be corroborated with our previous study, 
which showed no changes after 3 months of tillage implementation. 
Overall, the composition and catabolic activity of soil microbial communities 
showed a significant differentiation between depths for all treatments at this site. For 
instance, catabolic activity showed a boost in induced respiration for the top 0.1 m 
communities compared to 0.1-0.2 m. Fierer et al. (2003) suggested a pre-adaptation 
of surface microbial communities for a faster metabolism of carbon substrates coming 
from root exudates or fresh litter from the top 0.1 m. The difference between soil 
profiles may be associated to a decline in carbon sources associated with land 
management and soil characteristics (Eilers et al., 2012; Wakelin et al., 2008).  
At this site, microbial biomass and enzymatic activity showed no significant 
differences between agronomic management practices or after ST application. Low 
values obtained for microbial biomass may be attributed to the protective effect of clay 
on C mineralisation thus reducing the chloroform-fumigation effect on cells (Wang et 
al., 2003). Various studies have shown an increase in microbial biomass and 
enzymatic activity in no-tillage compared to conventional tillage systems. Differences 
have been associated to carbon limitations in conventional tillage systems due to a 
reduction of carbon sources like stubble (Babujia et al., 2010; Mathew et al., 2012; 
Nyamadzawo et al., 2009). The lack of changes between land managements and ST 
application may be attributed to a stable amount of total carbon and nitrogen between 
treatments. Furthermore, NTNT, CTCT and ST treatments were kept under stubble 
retention which helps to protect soils against moisture loses and it also increases 
nutrient availability; thus helping to maintain microbial biomass and enzymatic activity 
(Carter, 1986; Govaerts et al., 2007; Hoyle and Murphy, 2006). In our study, there was 
a trend of higher microbial biomass C for subsoil layers compared to surface soils in 
the NT treatment; however no statistically significant differences between soil profiles 
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were observed. In most NT systems, the amount of organic matter on top soils is 
higher due to stubble retention generating an increase in microbial biomass (Sun et 
al., 2011). Similar to our findings, Wang and Dalal (2006) have shown no major 
differences between soil organic carbon content between 0-0.1 and 0.1-0.2 m depths 
at the same site.  
In conclusion, we found no significant differences upon implementation of ST 
in long-term NT or CT systems via the bioindicators used in this study, except for 
microbial structure. This supports our hypothesis that ST exerts a low impact on 
selected soil tillage management systems. Changes were observed for single OTU 
comparisons, but they may not be directly attributed to tillage effects. Several 
environmental factors and physicochemical properties of this Vertisol could contribute 
to the observed differences. Deeper investigations on the long-term effect of ST is 
needed to shed light into the impact of strategic tillage on Vertisol microbial 
communities. For instance, functional studies providing insight into N, C and P cycles 
may help elucidate the effect of occasional tillage on soil microbial communities and 
how this is reflected in crop productivity. However, our findings provide evidence to 
support that the potential use of ST in weed and disease control does not cause major 
detrimental effects on Vertisol microbial communities. 
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Supplementary material 
 
Supplementary Fig. S1: Total percentage of bacterial and archaeal OTU’s with a 
relative abundance higher than 1% at 0-0.01 m and 0.1-0.2 m. Treatments are no-
tillage control (NTNT), strategic tillage in no-tillage systems (NTST), conventional 
tillage control (CTCT) and strategic tillage in conventional tillage systems (CTST). 
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Supplementary Fig. S2: Total percentage of fungal OTU’s with a relative abundance 
higher than 1% at 0-0.01 m and 0.1-0.2 m. Treatments are no-tillage control (NTNT), 
strategic tillage in no-tillage systems (NTST), conventional tillage control (CTCT) and 
strategic tillage in conventional tillage systems (CTST).  
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Supplementary Fig. S3: Microbial biomass C and N and fluorescein concentration in 
no-tillage (NTNT), occasional tillage in no-tillage systems (NTST), conventional tillage 
(CTCT) and occasional tillage in conventional tillage systems (CTST). Black bars 
represent soils from 0.0 – 0.1 m; meanwhile, grey bars represent 0.1 – 0.2 m.  
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Supplementary Fig. S4: Heatmap representing substrate utilisation between 
treatments at 0.0-0.1 m and 0.1-0.2 m soil depth. Treatments are no tillage (NT), 
strategic tillage operation in no-tillage systems (NTST), conventional tillage (CT) and 
strategic tillage operation in conventional till soils (CTST).  
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Supplementary Table S1: Relative abundance of Single OTUs compared between 
depths for bacterial and archaeal communities. Treatments are no-tillage (NTNT), 
strategic tillage in no-tillage systems (NTST), conventional tillage control (CTCT) and 
strategic tillage in conventional tillage systems (CTST). Taxonomic affiliation of OTUs 
number codes and changes in relative abundances are shown in Figure 1. 
 
Predictor variablesResponse variable (OTUs) R
2
 (%) Intercept t  value Slope F  value P  value
7 34.2 0.032 2.695 0.0316 7.26 0.017
9 33.8 0.140 2.676 0.0304 7.162 0.018
11 43.1 0.056 3.254 0.0592 10.59 0.006
12 27.8 0.083 2.321 0.0205 5.388 0.036
19 36.7 0.087 -2.851 -0.0273 8.128 0.013
21 26.9 0.037 2.273 0.0359 5.17 0.040
23 28.4 0.085 -2.354 -0.0348 5.541 0.034
37 42.8 0.198 -3.235 -0.0942 10.47 0.006
38 53.0 0.061 -3.976 -0.0506 15.81 0.001
39 43.6 0.078 -3.291 -0.0515 10.83 0.005
43 35.1 0.085 -2.754 -0.0225 7.586 0.015
47 32.5 0.093 -2.596 -0.0365 6.74 0.021
56 28.8 0.088 -2.379 -0.0265 5.661 0.032
57 40.4 0.059 -3.083 -0.0433 9.504 0.008
61 32.1 0.060 -2.571 -0.0258 6.61 0.022
63 25.6 0.060 -2.194 -0.0246 4.815 0.046
64 53.4 0.035 4.007 0.0465 16.05 0.001
10 38.0 0.139 -2.932 -0.0306 8.597 0.010
19 43.3 0.100 -3.273 -0.0345 10.71 0.005
24 45.8 0.003 3.437 0.049 11.81 0.004
25 38.2 0.051 2.945 0.0867 8.674 0.011
37 39.7 0.164 -3.037 -0.0683 9.222 0.009
38 49.3 0.068 -3.69 -0.0433 13.61 0.002
39 36.9 0.080 -2.863 -0.0410 8.198 0.012
53 35.2 0.077 -2.757 -0.0240 7.603 0.015
64 31.3 0.044 2.523 0.0326 6.368 0.024
67 34.2 0.041 2.699 0.0314 7.284 0.017
8 25.6 0.028 2.194 0.0253 4.82 0.045
11 49.8 0.043 3.725 0.0568 13.87 0.002
12 54.2 0.083 4.071 0.0317 16.57 0.001
19 60.7 0.095 -4.648 -0.0454 21.60 <0.001
23 28.2 0.097 -2.343 -0.0349 5.49 0.034
28 41.6 0.037 3.158 0.0416 9.97 0.007
30 36.2 0.045 2.818 0.0314 7.94 0.014
35 26.5 0.091 -2.245 -0.0309 5.04 0.041
36 29.1 0.052 -2.399 -0.0253 5.76 0.031
37 73.5 0.234 -6.232 -0.1270 38.83 <0.001
38 48.4 0.069 -3.624 -0.0592 13.14 0.003
39 79.1 0.074 -7.286 -0.0633 53.09 <0.001
40 26.5 0.056 -2.249 -0.0340 5.06 0.041
49 34.0 0.048 -2.685 -0.0298 7.21 0.018
54 31.2 0.031 2.523 0.0331 6.36 0.024
57 30.6 0.068 -2.483 -0.0309 6.16 0.026
61 29.6 0.071 -2.424 -0.0215 5.88 0.029
62 40.1 0.067 -3.061 -0.0378 9.37 0.008
63 49.8 0.069 -3.728 -0.0382 13.90 0.002
68 44.3 0.053 -3.34 -0.0374 11.15 0.005
NTNT vs 
CTCT
NTNT vs 
NTST
CTCT vs 
CTST
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Supplementary Table S2: Depth effect for fungi single OTUs. Treatments are no-
tillage control (NTNT), strategic tillage in no-tillage systems (NTST), conventional 
tillage control (CTCT) and strategic tillage in conventional tillage (CTST). 
 
 
 
 
 
 
 
Predictor variables Response variable (OTUs) R
2
 (%) Intercept t  value Slope F  value P  value
70 50.0 4.959 -3.161 -2.1424 9.994 0.010
71 54.1 3.463 3.437 11.553 11.81 0.006
78 34.7 3.121 -2.308 -2.1409 5.327 0.044
79 68.0 2.149 -4.609 -1.747 21.25 <0.001
82 52.9 7.141 -3.351 -4.378 11.23 0.007
91 33.8 2.680 -2.259 -1.9732 5.102 0.047
94 45.6 3.022 -2.895 -2.1682 8.381 0.016
96 33.6 1.832 -2.252 -1.8322 5.072 0.048
106 34.7 2.638 -2.307 -1.393 5.321 0.044
107 33.8 0.167 2.26 1.525 5.109 0.047
110 33.4 0.333 2.241 1.468 5.021 0.049
111 71.1 2.684 -4.957 -2.684 24.57 <0.001
112 33.7 3.225 -2.255 -2.3146 5.084 0.048
116 35.7 1.484 -2.358 -1.4811 5.559 0.040
70 50.1 0.158 -3.172 -0.0679 10.06 0.010
78 36.1 0.075 -2.376 -0.0358 5.644 0.039
79 34.4 0.06 -2.292 -0.0401 5.254 0.045
91 52.2 0.115 -3.306 -0.0767 10.93 0.008
103 53.1 0.172 3.363 0.2319 11.31 0.007
107 36.8 0.005 2.412 0.0522 5.818 0.037
110 41.6 <0.001 2.672 0.005 7.138 0.023
111 45.6 0.062 -2.894 -0.0545 8.377 0.016
115 46.8 0.072 -2.969 -0.0664 8.816 0.014
79 37.6 0.067 -2.454 -0.042 6.02 0.034
94 79.6 0.121 -6.241 -0.103 38.95 <0.001
96 38.2 0.066 -2.488 -0.0606 6.188 0.032
97 33.7 0.05 -2.252 -0.0447 5.074 0.048
108 33.2 0.094 -2.229 -0.0671 4.968 0.05
111 52.1 0.081 -3.297 -0.0718 10.87 0.008
112 71.5 0.125 -5.014 -0.0981 25.14 <0.001
114 33.4 0.077 -2.24 -0.0775 5.016 0.049
NTNT vs CTCT
NTNT vs NTST
CTCT vs CTST
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Supplementary Table S3. Soil physicochemical properties of the different tillage 
treatments at both sampled depths. Treatments are no-tillage (NT), no-tillage after 
strategic tillage application (NTST), conventional tillage (CT) and conventional tillage 
after strategic tillage application (CTST). Significant differences between treatments 
are shown in lower case letters; significant differences between depths are marked 
with asterisks. 
 
 
*Comparison between original treatments NT or CT against ST, between 
treatments depths e.g NTNT (0.0-0.1 m) vs NTNT (0.1–0.2 m) and between 
contrasting management practices e.g (NT vs CT) 
  
pH Gw c
1 Ec2 Total C Total N
% ds/m g Kg
-1 g Kg-1
NTNT 7.10 (± 0.07)* 0.26
* 0.12 (± 0.01)* 17.33 (± 1.01) 0.74 (± 0.12)
NTST 7.24 (± 0.05) 0.28
* 0.15 (± 0.02)* 18.94 (± 0.85) 0.83 (± 0.15)
CTCT 7.66 (± 0.28) 0.20
* 0.14 (± 0.01)* 18.14 (± 2.17) 1.05 (± 0.24)
CTST 7.72 (± 0.14) 0.24
* 0.16 (± 0.03)* 16.40  (± 0.56) 0.75 (± 0.17)
NTNT 7.39 (± 0.04)* 0.48
* 0.14 (± 0.01)*a 15.87 (±  0.36) 0.70 (± 0.07)
NTST 7.55 (± 0.14) 0.46
* 0.16 (± 0.04)*b 16.70 (±  0.42) 0.77 (± 0.17)
CTCT 7.86 (± 0.08) 0.48
* 0.21 (± 0.005)*a 16.58 (±  0.69) 1.04 (± 0.11)
CTST 7.85 (± 0.04) 0.47
* 0.18 (± 0.02)*b 16.16 (±  1.21) 0.91 (± 0.07)
1 Gravimetric w ater content
2 Electrical conductivity
* Sig differences betw een depths
ab Sig differences betw een treatments
0
.0
-0
.1
 m
0
.1
-0
.2
 m
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Chapter 5: Occasional tillage has no effect on soil microbial biomass, activity 
and composition in Vertisol under long-term no-till 
 
Overview 
 
In the previous study, minimal changes were found in microbial indicators after one 
time tillage application. However, in this chapter I report results on the evaluation of 
the effect of ST on the same indicators but using different tillage frequencies, time of 
application and implement. More specifically, I assessed the effect of different 
frequencies (one to three passes), time (December, January and March) and tools 
(chisel plow sweeps and offset disc) on soil microbial communities at two sites Biloela 
and Jimbour. Microbial biomass (chloroform-fumigation), enzymatic activity (FDA), 
metabolic diversity (Microresp®) and community structure (T-RFLP) were used as 
indicators of soil health to address aim 3. At these sites, seven soil samples were 
collected from each plot in April 2013 at 17, 10 and 2 weeks post-ST from 0.0-0.1 m 
and 0.1 to 0.2 m soil depths and composited separately for each soil depth.  
 
Highlights 
 
 There were no major effects of ST on the microbial indicators used either under 
different timings, frequencies or type of tillage implement. 
 
 Major enzymatic activity was observed in subsoils compared with surface soils 
at the Biloela site probably due to an additional input of organic matter from the 
retained stubble. 
 
 High catabolic activity was observed for surface soils compared to subsoils at 
the Jimbour and Biloela site. 
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Abstract 
 
Heavy rains in recent years have triggered an increase in herbicide-resistant weeds 
and crop diseases in long-term no-till (NT) farming systems in Queensland, Australia. 
As a possible solution, occasional or strategic tillage (ST) has been applied during 
summer fallow in two farms located near Jimbour and Biloela, Queensland, Australia. 
We investigated the impact of different frequencies (one to three passes) and timings 
(December, January and March) of tillage imposition on microbial indicators of soil 
health. Tillage implements included chisel plow sweeps at the Biloela site and narrow 
chisel point and offset disc at the Jimbour site. Seven soil samples were collected from 
each plot in April 2013 at 17, 10 and 2 weeks post-ST from 0 to 0.1 and 0.1 to 0.2 m 
depths and composited separately for each soil depth. Samples were analysed for 
microbial biomass C, enzyme activity, community-level physiological profiling (CLPP) 
via microrespirometry method and bacterial genetic fingerprinting. Overall, there were 
no significant differences for any of these parameters between NT and ST at both 
sites. However, irrespective of tillage treatments, significant differences between soil 
depths were found for enzyme activity (Biloela), substrate utilisation (Jimbour and 
Biloela) and bacterial genetic fingerprinting (Jimbour). There were no major effects of 
ST on the microbial indicators used either under different timings, frequencies or type 
of tillage implement. Therefore, ST with chisel plow sweeps, narrow chisel point and 
offset disc may be undertaken with minimal impact on soil microbial communities to 
combat problems associated with long-term NT Vertisols, such as weed and soil-borne 
disease outbreak in Queensland, Australia. 
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Introduction 
 
Conventional agricultural practices in Queensland, Australia, caused soil and land 
degradation in the past. In an effort to reduce the impact of such farming practices, 
alternative farming systems were implemented to maximize crop residue retention and 
reduce soil disturbance. The joint effort between researchers, farmers and 
agribusiness led to a better understanding of soil-water-crop interactions, which was 
followed by the adoption of conservation and no-till (NT) farming in Queensland 
(Thomas et al. 2007). From 2007 to 2008, Queensland agricultural business reported 
that 2.7 million hectares of land were used for crops and pastures, 47% of which was 
prepared using no-till and 53% applied one or more cultivation passes (ABS 2009). 
The adoption of zero or minimum tillage has helped to reduce the cost of production, 
gain soil water retention, and soil erosion control. However, the intensive use of 
herbicides and fertilisers in addition to the occurrence of heavy rains has increased 
the incidence of hard-to-kill weeds and the occasional emergence of crop diseases in 
NT fields (Robertson et al. 1994; Unger 1990). The implementation of occasional 
tillage has been then suggested as a possible solution. Strategic tillage (ST) has been 
referred to as a planned or opportunistic use of occasional tillage. This farming practice 
takes into account specific factors such as soil profile moisture, degree of weed 
infestation and nutrient stratification to determine the timing and frequency of 
deployment (Dang et al. 2015a). The main aim of ST is to improve overall productivity 
and soil quality of agro-ecosystems while retaining beneficial properties gained with 
NT systems (Dang et al 2015b).  
 
The soil microbiota is one of the major drivers of soil formation, nutrient cycling 
and organic matter turnover (Schloter et al. 2003). Tillage may affect the composition 
and activity of soil microbial communities due to the turnover of C and nutrients and 
changes in soil structure. Biological indicators including microbial biomass, enzyme 
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and metabolic activity as well as soil microbial community composition can be used to 
evaluate soil quality after a disturbance event (Liu et al. 2014). Wortmann et al. (2008) 
demonstrated that bacterial biomass can be affected after a one-time tillage event with 
a moldboard plow applied during spring or fall. This study showed that, under no tillage 
(NT), the bacterial biomass was greater compared to tilled soils in the 0-0.5 cm profile. 
The recovery of microbial groups was affected by tillage except for arbuscular 
mycorrhizae, whose biomass returned to NT levels after 1 to 3 years of one-time 
tillage. A different study showed that long-term effects of one-time tillage on NT plots 
did not show significant differences in soil organic C, bulk density and stratification of 
soil P. Furthermore, microbial biomass was completely recovered in one of the study 
sites; however, the second site showed a reduced biomass after one-time tillage using 
a mini-moldboard plow (Wortmann et al. 2010). 
 
One of the factors that influence the activity, biomass and composition of 
microbial communities is soil type. Fine-textured soils have been shown to protect the 
organic matter more than coarsed-textured soils (Hassing, 1995). Banu et al. (2006) 
reported that within a range of different soil types in Australia, soil moisture, total 
organic C, total organic N, electrical conductivity and clay content play an important 
role in the biomass and diversity of soil microbial communities. Under different tillage 
treatments, soils can reduce or increase pore sizes, which affects the exchange of 
gas, water and the availability of substrates (Drees et al. 1994; Shipitalo and Protz 
1987). For instance, clay particles can seal organic matter into pores, restricting 
access to some organisms (Adu and Oades 1978; Beare et al. 1994). When soils are 
tilled, new arrangements of pore networks are created, which allows newly exposed 
substrates to be used until a new balance is reached (Young and Ritz 2000). 
 
Tillage-caused new pores structures interfere with the translocation and 
transportation of gases that are vital for survival and functioning of microorganisms. 
Water films play an important role in the diffusion of these gases; therefore, moisture 
in pores is essential to control diffusion rates within aggregates. Moisture distribution 
plays a key role in the occurrence of large-scale processes including mineralisation 
and denitrification (Young and Ritz 2000). Furthermore, any changes in aeration and 
soil compaction can induce changes in composition and activity of microbial 
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communities. Consequently, crop sustainability and soil fertility can be affected (Ceja-
Navarro et al. 2010).  
 
To our knowledge, this is the first study on different frequencies and timings of 
strategic tillage in long-term NT systems in wheat (Triticum aestivum) fields. Vertisols 
are considered the predominant soils type for grain cropping in south-western 
Queensland (Dang et al. 2006). Differently to other soil types where percolation wets 
subsoil profiles, the presence of cracks promotes wetting of subsurface aggregates, 
which affects other soil properties (Smith et al 2015). Furthermore, the shrinking and 
swelling nature of these soils promotes a mixing of surface and subsurface materials 
(Blokhuis et al 1990). Given the unpredictability of tillage effects on soil biology, the 
aim of this study was to determine whether the composition and activity of the soil 
microbial communities are changed when ST is applied on Vertisols under fallow. 
Microbial biomass C and total enzyme activities, substrate-induced respiration 
(Microresp™) as well as terminal restriction fragment lenght polymorphism (T-RFLP) 
were used as biological indicators to investigate metabolic profiles and soil microbial 
community composition between different tillage systems. We tested the hypothesis 
that microbial attributes in Vertisols are either restored shortly after occasional tillage 
or are resistant to change due to the low levels of disturbance applied. 
 
Materials and methods 
 
Sites description  
The experiments were conducted in Biloela, central Queensland (24°20’49.295”S, 
150°32’14.924’’E, elevation: 185 m); and Jimbour, southern Queensland (26°54’S, 
151°5’E, elevation: 335 m), Australia. The soil type at Biloela is a Black Vertisol with 
49% clay, 13% silt, 38% sand in the top 0.3 m (IUSS Working Group WRB 2014). 
Jimbour soil is also a black Vertisol, with approximately 40-50% of light medium clay 
(Table 1). Both, Biloela and Jimbour were on continuous NT farming for 18 and 9 
years, respectively, under wheat-chickpea crop rotation. Previous crops preceding ST 
were chickpea and wheat for Jimbour and Biloela respectively. Mean recorded annual 
rainfall was 550.6 mm (2012) and 893.6 mm (2013) for Biloela, and 522.2 mm (2012) 
and 600.4 mm (2013) for Jimbour. Mean temperature varies from approximately 33°C 
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in summer to 23°C in winter at Biloela, and from 31°C in summer to 19°C in winter at 
Jimbour. 
 
At both sites, the experimental design was a randomised complete block design 
established on the width of a permanently controlled traffic tramline (12 m). The plot 
length at Biloela and Jimbour was 100 m and 25 m, respectively. Both sites received 
tillage treatments to depths between 0.15 and 0.20 m at different times and 
frequencies. A tillage frequency of one-pass was applied in December 2012 (1T), 
January 2013 (1T) or March 2013 (1T). Another treatment involved two tillage passes, 
one in December 2012 and one in January 2013 (2T). A third treatment involved three 
tillage passes, each of which was applied in December 2012, January 2013 and March 
2013 (3T). Implements used for tillage were chisel plow sweeps in Biloela, while for 
Jimbour narrow chisel point and offset disc were used. No-till plots were used as 
controls. The Jimbour site included 11 treatments with 4 replications, whereas the 
Biloela site had 6 treatments with 3 replications. 
 
Seven soil samples from each plot were collected from 0.0 to 0.10 m and 0.10 
to 0.20 m soil depth, during the second week of April 2013 with a hand shovel. 
Therefore, soil samples were obtained 17 (17W), 10 (10W) and 2 (2W) weeks after 
the last tillage was applied. Points of collection within a plot were chosen by drawing 
an imaginary Z shape and were evenly distributed along this shape. Samples of the 
same depth within a plot were composited in one bag on site. Soils were transported 
to the laboratory, where they were mixed and sieved (porosity <4 mm) for 
measurements of soil moisture, microbial biomass C and microbial activity as well as 
DNA extraction. Soil samples were stored in sealed plastic bags at 4°C shortly after 
collection and were processed within the first 2 months (April and June 2013). With 
the purpose of DNA preservation, soil aliquots assigned for microbial analysis of 
community composition were stored at -20°C in case any soil DNA extraction needed 
to be repeated at a later point. 
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Table 1. Soil properties for Biloela (1) and Jimbour (2) sites 
 
 
Data shown are pH, total (P), total organic C (TOC), % of total organic C present as microbial biomass (MB), electrical conductivity (EC), bulk density (BD) and  
moisture content (mm). BD and moisture data correspond to soil profile from 0.05 to 0.1 m. Mean values are shown accompanied by standard errors (±SE) 
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Microbial biomass carbon measurement (fumigation-extraction method) 
Soil microbial biomass C was determined using the fumigation-extraction method 
(Beck et al. 1997). Gravimetric soil moisture was determined before the start of the 
experiment. Ethanol-free chloroform (CHCl3) was used to fumigate 10 g (oven-dry 
equivalent) of soil from each plot. Soils were kept in a desiccator for 36 h in the dark 
at room temperature. After fumigation, soluble organic C from fumigated and 
unfumigated samples was extracted with 50 ml of 0.5 M potassium sulfate (K2SO4) by 
shaking on an orbital shaker for 1 h at 250 rpm. Samples were then centrifuged at 
12,000g for 5 min to be later filtered through a Whatman grade 1 filter paper. A total 
of 45 ml of extract per sample was sent for total organic C using a TOC-TN analyzer 
(Shimadzu, Kyoto, Japan). Microbial biomass C was calculated as the difference 
between fumigated and unfumigated samples divided by the constant soil-specific 
calibration coefficient KEC of 0.45 which provides a correction to account for the 
incomplete extraction of biomass (Joergensen et al., 2011). Results were transformed 
using the Hellinger transformation to accomplish normality. 
 
Total microbial activity measurement using the Fluorescein Diacetate (FDA) hydrolysis  
The fluorescein diacetate FDA hydrolysis technique was performed according to the 
method described by Adam and Duncan (2001). Two grams of fresh weight soils were 
mixed with 15 ml of 60 mM potassium phosphate (pH 7.6) in a 50 ml tube. To start the 
reaction, 200 μl FDA (1000 μg/ml) were added. This mixture was gently shaken and 
placed in an incubator/shaker (N-BIOTEC Inc) for 1 h at 30°C and 150 rpm. To stop 
the reaction, 1 ml of the mixture was added to a new 2 ml-microcentrifuge tube with 1 
ml of a 2:1 chloroform:methanol solution. All analyses were carried out in triplicates. 
This solution was then centrifuged for 3 min at 10,000g. A volume of 250 μl per sample 
was aliquoted in a 96-well plate. The absorbance at 450 nm was measured using a 
microtiter plate reader (BMG Lab, Ortenberg, Germany). The blank was prepared by 
adding 15 ml of 60 mM potassium phosphate (pH 7.6) and 200 μl FDA (1000 μg/ml). 
 
Microresp™: substrate utilisation potential  
Substrate-induced respiration was measured for all treatments using the MicrorespTM 
system (James Hutton Institute, Invergowrie, Scotland UK) as per Campbell et al. 
(2003). For measuring microbial activity, soils had a range of 30-60% of their maximum 
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water holding capacity. If the soil required moisture adjustment, the soil was incubated 
for 5 days prior to the experiment. Soil samples were incubated at 25°C for 3 days in 
a large sealed plastic box. Soil samples were weighted and aliquoted to a deep-well 
microplate (~ 0.4 g of soil per well) before adding the solution with a substrate and 
incubating for 6 h with cresol red indicator to quantify CO2 production. Tested 
substrates included three amino acids (arginine, alanine and aminobutyric acid), six 
carbohydrates (fructose, trehalose, glucose, xylose, cellobiose and mannitol), five 
carboxylic acids (citric acid, malic acid, methyl pyruvate, oxalic acid and galacturonic 
acid) and one polymer (Tween40). Each substrate was diluted in water and balanced 
to deliver 30 mg of substrate C per gram of soil water. Detection plates with cresol red 
were measured at 570 nm in a microplate spectrophotometer (BioTek, Winooski VT, 
USA) 
 
DNA extraction 
DNA was isolated from soil by combining a sonication step prior to using the MoBio 
Kit PowerLyzerTM (MOBIO Laboratories, CA). Briefly, 5 g of fresh soil were added to a 
50 ml tube containing 5 ml of phosphate-buffered saline (pH 7.2). Samples were 
vortexed until mixed and then sonicated at low frequency for 5 min with alternating 30-
s intervals of burst and rest. Settling was allowed for 10 s and the supernatant was 
transferred to a 1.5 ml Eppendorf tube which was centrifuged for 1 min at 9500g. An 
amount of approx 0.3 g of soil was transferred to the glass bead tubes supplied with 
the commercial kit. The following step of soil DNA extraction was performed according 
to the manufacturer’s instructions for low biomass soils. Final concentrations of DNA 
samples were measured using Qubit® fluorometric quantitation 2.0 (Life Technologies, 
CA). 
 
Terminal Restriction Fragment Analysis (T-RFLP) 
After DNA extraction, samples were amplified using universal 16S ribosomal primers 
27F (5’ - AGA GTT TGA TCM TGG CTC AG -3’) and 1492R (5’- TAC GGY TAC CTT 
GTT ACG ACT - 3’). The 27F primer was fluorescently-labelled with 6-
carboxyfluorescein (6-FAM) at the 5’ end. The PCR was carried out in a 20 μl reaction 
containing 0.2 μM of each primer, 0.2 μM dNTPs mix and 1 unit of Phire® Hot Start II 
DNA polymerase. PCR cycling conditions were 30 s at 98°C followed by 27 cycles of 
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5 s at 98°C, 5 s at 54.5°C and 20 s at 72°C, and finalising with 1 min at 72°C. PCR 
products were verified on 1% agarose gels. Fluorescently labelled PCR products of 
two independent reactions were combined and digested with 1 unit of the restriction 
enzyme MspI (Zumsteg et al. 2012). Digested amplicons were desalted with a 
purification kit (Wizard® SV Gel and PCR Clean-up System, Promega). Samples were 
diluted to a final concentration of 20 ng/µl and sent to AGRF (Australian Genome 
Research Facility Ltd., Melbourne, Australia) for fragment analysis.  
 
Statistical analysis 
Analysis of microbial biomass C, FDA and C substrates utilisation data were 
performed using one-way ANOVA followed by Tukey’s test (P ≤ 0.05) or Kruskal-Wallis 
test according to data normality. For depth comparison for FDA and microbial biomass 
C, Student’s t test was performed using the software SPSS v20. Shannon’s diversity 
index (H) and evenness (E) were calculated as H = - Ʃpilog(pi), where pi is the 
percentage of the substrate-induced respiration of each C substrate to the sum of the 
different C sources per plot. Evenness was calculated as E = H/Hmax ,= H/Log (S) 
where S represents the substrate richness (Zak et al. 1994). The effect of tillage 
treatments and depth within treatments on substrate-induced respiration (SIR) results 
and terminal restriction fragments (T-RF) were investigated using redundancy analysis 
(RDA) with subsequent Monte Carlo permutation test (9999 repetitions of 
permutations) for significance testing, P ≤ 0.05 using RStudio v0.97.310 © 2009-2012. 
Graphs were generated with PRISM v6.0 and InKscape 0.48.2.  
 
Results and discussion 
 
Microbial biomass carbon 
Soil microbial biomass C plays an important role in soil processes as it is the most 
important labile C pool in soils and is often used as an early indicator of changes in 
soil physicochemical properties (Brookes et al. 1995; Martens et al. 1995; Trasar-
Cepeda et al. 1997). Organic C, temperature, moisture content, pH and clay content 
are considered as controlling factors of microbial biomass in soil (Campbell et al. 1997; 
Carter 1986; Nicolardot et al. 1994; Van Gestel et al. 1993). In the present study, ST 
did not affect soil microbial biomass C as compared to NT systems at both sites 
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(P>0.05, Fig. 1). Generally, all treatments showed a microbial biomass C that range 
from 0.01 to 0.1 mg C g-1 dw soil at both sites. The percentage of microbial biomass 
C related to total organic C showed values from 0.1% to 1.4% (Table 1). At Biloela 
site, percentages of microbial biomass C had an increment from 0.2 to 0.5 % for 
surface soils for all treatments. For subsoil samples, one-pass tillage on January and 
March (1T-10W and 1T-2W) showed an increment of 0.7 and 0.3 % respectively 
compared to NT. After two passes (2T-10W), microbial biomass C decreased by 0.1%. 
At Jimbour site, surface soils showed an increment from 0.1 to 0.6% for one pass with 
chisel on December and March (1T-17W and 1T-2W), two and three passes with 
chisel (2T-10W and 3T-2W), one pass with disc in January and March (1T-10W and 
1T-2W) and two passes with disc (2T-10W). Treatment under three passes with disc 
(3T-2W) showed a decreased in microbial biomass C of 0.1% for surface soils. All 
treatments showed an increase from 0.1 to 0.5 % for subsoil samples compared to NT 
at Jimbour site. No correlation was observed for microbial biomass C and total organic 
carbon at both sites. 
 
Microbial biomass C correspond to a 1 to 3 % of total organic C (Jenkinson and 
Ladd 1981). At both sites, subsoils showed a higher percentage of microbial biomass 
C compared to surface soils. Vertisols typically form cracks, which allow organic matter 
to fall into deeper layers. The constant shrinking and swelling helps to reduce 
stratification of microbial biomass (Blokhuis et al., 1990). Bell et al. (2006) reported 
that soil microbial biomass had an average of 0.4 mg C g-1 in the top 0.1 m soil profile 
under agricultural management at Jimbour. In this study, microbial biomass showed 
an average of 0.03 mg C g-1 in the top 0.1 m. Meanwhile, no recent studies have 
reported measurements of microbial biomass at Biloela. Different studies on microbial 
biomass C in Vertisols have shown values around 0.3 mg C g-1 for agricultural soils 
(Saffigna et al 1989; Bell et al. 2006). The differences between values may be 
attributed to the time of sampling. During fallow, microbial biomass tends to decrease 
in Vertisols compared to when crops are harvested. This may be attributed to carbon 
inputs from plant biomass at harvest (Dalal et al. 1994). However, the high clay content 
of this Vertisol may have protected C against mineralisation, thus reducing the amount 
of total organic C obtained after microbial biomass extraction. 
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ST was planned to avoid depletion of soil moisture during application, which 
reduces the impact of disturbance in soils. In addition, the use of disc and chisel 
instead of other tillage tools should minimise the disruption of aggregates (Dang et al 
2015b). In agreement with our results, Crawford et al (2015) reported minimal changes 
on soil chemical properties from a range of soil types after an occasional tillage 
application. Similarly, no changes in chemical properties after ST were observed in 
this study (table 1). Due to the lack of changes in soil organic C (SOC), minor changes 
in microbial biomass were expected. In crop fields, SOC tends to be steady over long 
periods because the rate of new SOC formation reaches a balance with soil organic 
matter (SOM) decomposition. Moreover, clay content affects the rate at which SOC is 
turned over in Vertisols. Tillage is considered to have an impact on SOC due to the 
disruption of particles that can expose C substrates for microbial degradation and as 
consequence lower SOC concentrations are observed in cropped fields (Dalal and 
Chan 2001). However, the magnitude of losses in organic matter depends on the 
severity of the tillage disturbance (Roberts and Chan 1990). In this study, the tools 
used and the times of application were designed to minimise disturbance. 
Furthermore, the high clay content of these Vertisols may help to protect the organic 
matter after tillage. Clay has been shown to protect and stabilize organic C due to the 
associations with soil minerals (Six et al. 2002)  
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Figure 1. Hellinger transformation of microbial biomass C in no-tillage (NT), one tillage 
pass (1T), two tillage passes (2T) and three tillage passes (3T). Samples were 
collected after 17, 10 or 2 weeks (-17W, -10W, -2W) of the last tillage at Biloela (a) 
and Jimbour (b) sites. Biomass data were Hellinger-transformed for ANOVA analysis. 
Mean values are shown accompanied by standard errors (± SE). 
 
Most studies have shown that NT management increases soil organic matter 
due to substrate accumulation and tillage tended to reduce microbial biomass (Babujia 
et al. 2010; Wortmann et al. 2008). Under NT, total microbial biomass tends to 
decrease as depth increases; however, factors including moisture, soil C and N 
contents can affect the biomass in different soil profiles (Balota et al. 2003; 
Bausenwein et al. 2008; Sun et al. 2011; Van Gestel et al. 1992). For instance, Carter 
(1986) showed that soil microbial biomass C and N were influenced by the stubble 
incorporation, water content, soil mixing and crop rotation. Our results did not reveal 
any differences in microbial biomass C between depths. Since no differences between 
depths were detected in NT, it could be expected that microbial biomass C would 
remain unchanged after ST. 
  
Microbial activity 
Microbial activity can provide a general overview of the organic matter turnover. 
Fluorescein diacetate has been used as a fast and reliable method to measure several 
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non-specific enzymes activities including esterase, protease and lipase in soil (Chaer 
et al. 2009; Green et al. 2006; Rincon-Florez et al. 2013). However, any enzyme assay 
measures the potential and not the real enzyme activity since these assays are carried 
out at optimal pH, temperature and substrate concentration; in addition, the soil is 
submerged during the assays. These conditions do not occur in situ (Nannipieri et al. 
2002; 2012). Thus, it is of great importance to treat FDA data as a measurement of 
the potential rather than the real microbial activity. 
 
 In agricultural soils, NT systems tend to stratify enzyme activity, which is 
opposite to tilled systems where soil mixing helps to diminish soil stratification (Green 
et al. 2007). However, enzyme activity appears to be more influenced by soil depth 
rather than tillage system (González-Prieto et al. 2013). Compared to soils under NT, 
ST did not have an impact on the enzyme activity at both sites. Still, significant 
differences were observed between depths for some treatments at the Biloela site 
(Table 2). Treatments 1T-17W, 1T-2W, 2T-10W and 3T-2W presented higher activity 
at the 0.1-0.2 m profile compared to 0-0.1 m depth (Table 2, P<0.05). An increase of 
more than 60% in microbial activity was observed for plots where tillage was applied 
closer to soil sampling time (2W). After tillage in January, the Biloela site received 
heavy rains during the first quarter of 2013 (510 mm). Heavy rainfall appears to have 
had an impact on treatments that were tilled at the end of March (3T-2W and 1T-2W). 
Therefore, this increase in enzyme activity may be attributed to an additional input of 
organic matter from the retained stubble brought by these heavy rains, which was then 
incorporated into the 0.1-0.2 m profile after tillage.  
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Table 2. Fluorescein diacetate hydrolysis (concentration of fluorescein μg ml-1 g-1 soil 
h-1) for no-tillage (NT), one tillage pass (1T), two tillage passes (2T) and three tillage 
passes (3T). Samples were collected after 17, 10 or 2 weeks (-17W, -10W, -2W) of 
last tillage. Mean values are shown accompanied by standard errors (±SE). 
Statistically significant differences between treatments are indicated by distinct 
lowercase letters in the same column (depth). 
 
 
 
In the present study, only NT treatment and one-time tillage on January (1T-
10W) had the same enzyme activity levels between soil profiles. This finding may 
result from a lower introduction of organic matter at the time of the tillage. Bandick and 
Dick (1999) showed that enzyme activity on cropped soils increases when organic 
matter is added compared to systems without any addition. Trends in this study 
indicated that soil enzyme activity measurements were similar to NT. A previous study 
in a Vertisol suggested that different soil managements (conservational tillage and 
stubble retention) had little impact on soil biota due to the poor general biological status 
Site
Depth 0.0-0.1m 0.1-0.2m 0.0-0.1m 0.1-0.2m 0.0-0.1m 0.1-0.2m
NT
0.706a 
(± 0.058)
0.922a        
(± 0.075)
1.693a  
(± 0.187)
1.801a           
(± 0.203) 
1.693a 
(± 0.187) 
1.801a        
(± 0.203)
Tools
1T-17W
0.516a 
(± 0.098)
0.956b        
(± 0.001)
1.536a 
(± 0.372)
0.932a        
(± 0.326)
1.660a 
(± 0.607)
3.375a        
(± 1.341)
1T-10W
0.734a 
(± 0.245)
1.290a        
(± 0.389)
1.269a 
(± 0.139)
1.654a        
(± 0.838)
2.008a 
(± 0.568)
1.420a        
(± 0.915)
1T-2W
0.336a 
(± 0.100)
0.950b        
(± 0.130)
1.669a 
(± 0.693) 
1.698a        
(± 0.559)
2.580a 
(± 0.639) 
1.983a        
(± 0.578) 
2T-10W
0.551a 
(± 0.076)
0.810b 
(±0.000)
1.266a 
(± 0.432)
1.115a        
(± 0.551)
1.835a 
(± 0.405)
1.498a        
(± 0.378)
1.604a 
(± 0.314)
2.319a 
(± 0.597) 
BILOELA JIMBOUR
CHISEL CHISEL DISC
3T-2W
0.376a 
(± 0.096)
1.733b 
(±0.420)
1.423a 
(± 0.615) 
1.601a        
(± 0.489) 
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in soils from the southern Queensland and northern New South Wales regions (Bell et 
al. 2006).  
 
Substrate utilisation potential 
Soil microbial communities differ in substrate utilisation after ST in a long-term NT. 
The application of distinct frequencies and times of tillage did not show significant 
differences in catabolic activity for either 0.0-0.1 or 0.1-0.2 m soil depths compared to 
NT treatment in both sites (P>0.05). However, there was a higher catabolic activity for 
surface soils after one pass with disc in January (1T-10W) compared to subsoils at 
Jimbour. This treatment showed higher catabolic activity for all carbohydrates and four 
carboxylic acids compared to other treatments (citric acid, methyl pyruvate and D-
galacturonic acid, P<0.05; Fig. 2). We hypothesize that the increase in metabolic 
activity for treatment 1T-10W disc may be related to an elevated availability of 
carbohydrates especially D + cellobiose. Differences in utilisation of specific 
substrates were observed between depths at both sites, with higher activity on surface 
soils except for oxalic acid at Biloela (Fig. 2). Only Tween40 showed no differences 
between depths at both sites. Low stratification appeared to be the case for NT 
treatment at Jimbour, as no major differences between substrates were observed 
between soil depths. In Biloela, there was a clear stratification for specific substrates 
in NT. Depth effect was still present after one pass, suggesting a low impact on 
catabolic activity after one-time tillage pass. For instance, catabolic activity was 
restored after 17 weeks of tillage (Fig. 2). In soil samples collected 2 and 10 weeks 
after tillage, the apparent stratification effect tended to be reduced (Fig. 2). However, 
high utilisation of methyl pyruvate, D-trehalose and 4-aminobutyric acid were observed 
on the surface profile 10 weeks after tillage. On the other hand, two or more tillage 
passes showed low soil stratification even after 10 weeks of tillage. Shannon diversity 
and evenness showed no significant differences between profiles at both sites. 
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Figure 2.Hellinger transformation of substrate utilisation for Biloela (a) and Jimbour 
(b) sites (µg CO2 C g-1 h-1).Treatments are no-tillage (NT), one tillage pass (1T), two 
tillage passes (2T) and three tillage passes (3T). Samples were collected after 17, 10 
or 2 weeks (-17W, -10W, -2W) of last tillage. Red boxes indicate differences between 
depths. Mean values are shown accompanied by standard errors (±SE). 
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Differences in substrate utilisation between depths at Jimbour and Biloela may 
be attributed to the amount of rain received after tillage in January 2013. A total of 143 
and 307 mm of rainfall was received after tillage in Jimbour and Biloela, respectively. 
Occasional rainfall may alter the metabolic activity by decreasing the capability of the 
microbial communities to use certain substrates (Fierer and Schimel 2002). It seems 
that the high stability in physicochemical properties of this soil influences the metabolic 
activity of the different microbial communities. Several studies have demonstrated that 
changes in organic matter content, moisture and pH impact metabolic activity in 
different types of soils (Brockett et al. 2012; Rousk et al. 2010, Wakelin et al. 2008). 
Soil physicochemical properties had a major impact on soil microbial community 
function and composition rather than agricultural management. For instance, pH is one 
of the most important physicochemical parameter linked with variation in organic 
substrate utilisation and biological diversity followed by total P in four Australian soils 
(Wakelin et al. 2008). In this study, the metabolic activity was more influenced by soil 
profiles. Overall, high metabolic activity on the top 0.1 m was expected as microbial 
communities in the surface soil layer can metabolise labile C faster than subsoil 
communities (Fierer et al. 2003). However, in this study, when two or more tillage 
passes were applied, the differences between soil depths were reduced. More passes 
are likely to diminish the differences between profiles due to the mix of soils during 
tillage. 
 
Microbial community composition analysis 
Microbial community composition showed no significant differences between ST and 
NT treatments. A total of 93 and 161 restriction fragments (T-RF) were obtained for 
Biloela and Jimbour, respectively. A comparison between subsoils layer revealed that 
one chisel pass in March (1T-2W) presented a marginal difference when compared to 
NT subsoil at Jimbour (P=0.058). Differences between soil depths were only observed 
for treatments under one chisel pass in March (1T-2W) (P<0.05, Fig. 3).  
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Figure 3. Redundancy analysis of fingerprints generated for chisel and disc tillage at 
Jimbour site. Treatments are no-tillage (NT, ), 17 weeks after one tillage pass (1T-
17W, ), 10 weeks after one tillage pass (1T-10W, ), 2 weeks after one tillage pass 
(1T-2W, ), 10 weeks after two tillage passes (2T-10W, ) and 2 weeks after three 
tillage passes (3T-2W, ). White and gray symbols represent 0.0-0.1 m depth. White 
symbols represent 0.1-0.2 m depth. Percentages in brackets correspond to the total 
explainable variability on each axis 
 
The absence of variations in soil physicochemical properties plays an important 
role in the effect of ST on soil microbial communities. Changes in soil properties may 
alter activity, diversity and composition of soil microbial communities (Jackson et al. 
2003; Lauber et al. 2008; Zogg et al. 1997). Delmont et al. (2014) showed that soils 
physicochemical variations affect the evenness of microbial communities; however, 
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community composition remains the same. Differences between soil depths two 
weeks after one tillage pass may suggest a difference in resource availability as shown 
by Fierer et al. (2003). Our results indicate a high resilience of soil microbial 
communities to tillage in this Vertisol. Resilience is considered as the time required for 
a system to return to an equilibrium after a disturbance (Holling 1973). For instance, 
two weeks after one and two tillage passes, indicators associated with microbial 
communities have shown no significant differences compared with NT. Moreover, 
physicochemical properties play an important role in the resistance and/or resilience 
response of the soil communities after disturbance (Griffiths et al. 2008). Gregory et 
al. (2009) monitored the recovery time after physical and biological stresses that were 
applied on different arable, grassland and forest soils. As a result, they found that SOM 
content had a strong relationship with soil resilience indices. Moreover, arable soils 
with high clay content showed higher resilience compared to other cropping soils 
(Gregory et al. 2009). The void rate and SOM content may have an impact on the 
response to different biotic and abiotic stresses on clay soils. However, more studies 
need to be carried out to confirm this hypothesis.  
 
Conclusion 
 
In conclusion, the occasional use of less aggressive tillage implements such as chisel 
or disc during the summer fallow period (December, January and March) and one, two 
and three passes in continuous NT systems seems to have low impact on soil health 
due to a combination of high resistance and/or resilience of Vertisols. It is difficult to 
ascertain how long the NT treatments have to be implemented before the farming 
system can withstand such tillage operation with only two sites as in the present study. 
However, crop-simulation modelling being undertaken within the grains industry 
project could provide insight into resilience of such farming systems. Differences 
between depths in some of the evaluated microbiological indicators for some 
treatments may have been more related to environmental factors rather than tillage 
treatments. Changes in soil physicochemical properties including total organic C and 
moisture content play major roles in the driving responses of microbial communities 
under different disturbances. Occasional ST had no detectable short-term impact on 
the microbiological parameters measured in this study. Strategic tillage may be an 
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appropriate strategy for circumventing problems faced by farmers in NT systems 
without affecting soil health in a short time frame. However, further long-term studies 
on the extent at which soil microbial functions are affected by strategic tillage may 
assist in identifying microbial populations with key roles in Vertosols. 
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Chapter 6: Quantitative analysis of nitrogen cycle genes nifH and amoA 
affected by occasional tillage in no-till soils 
 
Overview 
 
Throughout this thesis, there is strong evidence to suggest that microbial communities 
may have high resistance and/or resilience to ST probably due to Vertisol 
characteristics. However, the effect of ST is still not clear in terms of functional diversity 
at these sites. Nitrogen plays a critical role in crop production, thus the impact of tillage 
in nitrogen cycling genes may help monitoring soil quality and crop productivity. In this 
chapter, I focused on the abundance of the nifH and amoA genes associated to 
nitrogen fixation and autotrophic ammonia oxidation to address aim 4. We assessed 
the impact of ST in soils under different land management histories (NT and CT), 
frequencies (one to three passes), time (December, January or March) and tools 
(Chisel or disc) used for tillage implementation. Soil samples were collected from 0.0-
0.1 m and 0.1-0.2 m at Hermitage, Biloela and Jimbour sites.  
 
Highlights 
 
 The abundance of microbial genes amoA and nifH associated with the nitrogen 
cycle were affected after ST application. 
 
 ST tends to increase bacterial nifH gene abundance at all sites depending on 
timing, tool and agricultural management. 
 
 AOB abundance varied according to the number of passes, tillage implements 
and land management at all sites.  
 
 Overall, no major changes in AOA abundance were observed after ST 
application.  
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Abstract  
 
Adoption of no-till farming systems has improved soil quality and crop profitability in 
Australia. However, these practices have increased incidence of herbicide-resistant 
weeds, soil stubble-borne diseases and stratification of nutrients in the surface soil. 
To control these issues, occasional strategic tillage has been increasingly utilized 
during fallow periods in the Northern grains region of Australia. Strategic tillage has 
been defined as occasional tillage implementation that takes into account soil water 
content, tillage frequency, timing as well as type of implements. Soil disturbance may 
influence soil quality and microbial communities affecting soil nutrient cycles directly 
or indirectly. Here, we assessed the impact of strategic tillage on the abundance of 
nitrogen cycle genes (amoA and nifH) from bacteria and archaea involved in 
autotrophic ammonia oxidation and nitrogen fixation, respectively, as indicators of soil 
health after disturbance through quantitative polymerase chain reaction. Experimental 
sites included three locations in the Australia’s northern grains region (Biloela, Jimbour 
and Warwick) with 5 to 46 years of continuous no-till. We observed significant changes 
in amoA and nifH abundance depending on the frequency, implement and time of 
tillage application. Changes that strategic tillage may cause to soil microbial nutrient 
cycling will add information relevant to land management decisions. 
 
Keywords 
 
Ammonia oxidation; conservation farming; nitrification; nitrogen fixation; real-time 
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Introduction  
 
In Queensland, the increase in diseases associated with crop residue retention and 
the rise of weed resistance to herbicides in no-till (NT) systems have prompted farmers 
to look for alternative land management practices. Occasional strategic tillage (ST) 
has been applied to help diminish these issues in no-till systems. For the 
implementation of ST, a number of factors are taken into account, including soil water 
content, as well as tillage timing, tools and frequency (Dang, et al. 2015). Tillage has 
been shown to impact microbial community activity and structure, leading to changes 
in the rates at which nitrification and denitrification occur (Ugalde, et al. 2007). Nitrogen 
plays a critical role in crops productivity and yields. In agricultural systems, the main 
sources of nitrogen are fertilisers and plant decomposition of plant residues (Smil 
1999). Still, nitrogen can be obtained from a range of nitrogen fixing organisms, also 
known as diazotrophs, which can be free-living or in association with plants, especially 
leguminous species. These microbes reduce atmospheric N2 to biologically available 
ammonium (NH4+) that serves as an important source of N for crops and other 
organisms (Raymond, et al. 2004). Tillage can stimulate N demand and nitrogen 
fixation affecting the rates of mineralization and nitrification in soils (Van Kessel and 
Hartley 2000).  
 
Nitrification is the process by which nitrite (NO2-) and nitrate (NO3-) are produced from 
ammonium (NH4+) or organic N. The first step of this process is ammonia oxidation, 
which is driven by chemoautotrophic ammonia oxidisers (Francis, et al. 2007, Koops, 
et al. 2006). It has been estimated that nitrification causes losses of between 50 to 
70% of the N applied as fertiliser (Singh and Verma 2007). For instance, microbial 
oxidation of ammonium to nitrate can lead to an increase in nitrogen leaching from 
agricultural soils into surface and ground waters by formation of more mobile forms of 
N (Di and Cameron 2002). Surface waters containing high amounts of nitrate can 
become eutrophicated and suffer a significant loss in biodiversity (Singh and Verma 
2007). In Australian agricultural soils, the abundance of genes associated with 
nitrogen fixation and ammonium oxidation have been estimated before through real-
time polymerase chain reaction (PCR) according to land-use and soil type (Bissett, et 
al. 2014, Cavagnaro, et al. 2008, Hayden, et al. 2010). Previous studies have 
suggested that the nitrogen cycle can be affected by tillage due to soil aeration and a 
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subsequent quick response of microbial communities to this disturbance (Cavagnaro, 
et al. 2008). In addition, it has been suggested that changes in the abundance of 
ammonia oxidisers are more associated with land use rather than land management 
(Bissett, et al. 2014). 
 
This study assessed the effect of ST on the abundance of microbial genes involved in 
nitrogen fixation and ammonia oxidation in Vertisols under no-till management. 
Vertisols are the most common soils in Queensland representing 50 million ha of land 
(Freebairn, et al. 1986). We hypothesized that the abundance of microbial genes 
involved in nitrogen fixation and autotrophic ammonia oxidation is influenced by 
strategic tillage. We compared the use of different tillage frequencies, timings and tools 
to gain a better understanding on the impact of these variables on soil quality. 
 
Materials and Methods 
 
Site description and soil sampling 
Three sites were selected for this study, Biloela in central Queensland (24° 20’ 49.295” 
S, 150° 32’ 14.924” E, elevation: 185 m), Jimbour in southern Queensland (26° 54’S, 
151° 5’ E, elevation: 335 m) and Warwick in southeast Queensland (28°12’ S, 152°06’ 
E, elevation: 470 m). Soil physico-chemical properties and land management history 
are detailed in Table 1 and Supplementary Table 1 For all sites, soils have been 
classified as black Vertisols. The experimental design for Warwick consists of soils 
under conventional tillage (CT) or no-tillage (NT) with stubble retention. CT comprised 
four to five passes during the fallow period with a chisel plow. Meanwhile, NT did not 
receive any tillage treatment and therefore involved only seed planting (Dalal, et al. 
2011). In 2012, plots were longitudinally split in half to apply ST on one side and the 
original treatment was conserved on the other half. Plots selected for this experiment 
have been deprived of nitrogen fertilization. Alternatively, plots in Biloela and Jimbour 
plots received different tillage frequencies as follows: one-pass in December 2012, 
January 2013 or March 2013 (1T); two-passes, one in December 2012 and one in 
January 2013 (2T); and three-passes, one in December 2012, one in January 2013 
and one in March 2013 (3T). Tillage treatments included chisel plow sweeps for Biloela 
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and Warwick; narrow chisel point and offset-disc for Jimbour (Rincon-Florez, et al. 
2016). 
 
Table 1. Land management history, soil content, air temperatures and annual rainfall 
at Warwick, Biloela and Jimbour. 
 
 
 
For all sites, seven soil samples were collected at depths of 0.0-0.1 m and 0.1-0.2 m 
in April 2013 with a hand shovel. In Biloela and Jimbour, samples were obtained at 17 
(17W), 10 (10W) and 2 (2W) weeks after ST application. In Warwick, samples were 
collected 13 months after ST application. For soil collection, an imaginary z-shape 
form was drawn on each plot and points of collection were selected along the shape. 
Soil samples were combined according to depth in one bag on site and taken for 
analysis in the laboratory. Soils were sieved (porosity < 4 mm) and stored at 4°C in 
sealed plastic bags for further analysis.   
 
DNA extraction and quantitative PCR 
DNA isolation was performed combining an initial sonication step as follows: in a 50 
mL tube that contained 5 mL of phosphate-buffered saline (pH 7.2), 5 g of fresh soil 
was added. Soil samples were vortexed and sonicated at a low frequency for 5 min 
with alternating 30 s of burst and rest. The mix was left to settle for 10 s and the 
supernatant was transferred to a 1.5 mL microcentrifuge tube. Tubes were centrifuged 
for 1 min at 9,500 x g and the supernatant was discarded, leaving only soils ready for 
DNA extraction. Approximately 0.3 g of soil was transferred to the glass beads tubes 
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provided by MoBio kit PowerLyzer™ (MOBIO Laboratories, CA). Each sample 
received 3 µL of a plasmid at a concentration of 1.8 x 109 ng/µL, which contained a 
gene that is alien to soil and encodes for the green fluorescent protein (GFP) so that 
DNA extraction efficiency could be measured. DNA extraction was performed following 
manufacturers’ recommendations for low biomass soils. The final concentration of 
DNA was measured using Qubit® fluorometric quantitation 2.0 (Life Technologies, 
CA). 
The abundance of genes associated to the nitrogen cycle was measured using 
quantitative PCR (qPCR) with SYBR green. Real-time qPCR was performed in a 10 
µL reaction mixture that contained 1 µL of DNA diluted to 5 ng/µL, 5 µL of 2X 
SensiFAST™ SYBR® Lo-ROX Kit (BIO-94005; Bioline, Cincinnati, OH), 0.4 µL of 10 
mM nifH_F (Rösch, et al. 2002), 10 mM amoA_F (Rotthauwe, et al. 1997) or 10 mM 
Arch_amoAF (Wuchter, et al. 2006), 0.4 µL of 10 mM nifH_R (Rösch, et al. 2002),10 
mM amoA_R (Rotthauwe, et al. 1997) or 10 mM Arch_amoA_R (Wuchter, et al. 2006) 
and 3.2 µL of ultra-pure distilled water (Invitrogen, CA). The cycle conditions for nifH 
and amoA quantification were 95°C for 2 min, 40 cycles of 5 s at 95c, 10 s at 60°C 
(nifH and amoA). Samples were run in duplicates in a 384 well plate using ViiA 7 Real-
Time PCR system (Applied Biosystems, CA, USA). Standard curves for amoA and 
nifH were obtained by amplifying DNA from a mixed culture reactor using amoA 
primers and DNA from soil samples using nifH primers. Results were run in a 1% 
agarose gel and bands of interest were excised and purified for sequencing. Once the 
bands were confirmed as Nitrosomonas europaea, uncultured ammonia-oxidising 
archaeon clone (amoA) and nitrogenase encoding nifH gene, dilutions of the 
amplification products ranging from 107 to 101 were prepared to generate a standard 
curve. The copy numbers of the genes nifH and amoA were calculated relating the CT 
(cycle threshold) values to the gene copy number in the standard curves. 
 
Statistical analysis 
Treatments were compared using analysis of variance (ANOVA) for Biloela and 
Jimbour sites followed by Tukey’s test. For Warwick, two-way ANOVA was used to 
compare ST with the original treatment. SPPSS v.2.2 was used for all statistical 
analysis. Graphs were generated with the software GraphPad Prism 6. No statistical 
analysis was conducted to determine relationships between individual gene 
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abundances and soil properties related to mineral N or total N status because these 
properties could not be measured for all sites. 
 
Results 
 
The genes nifH and amoA occurred at significantly different abundances after ST 
application (Figure 1). For all sites, the abundance of nifH was significantly higher 
compared to amoA genes, with an average of 3.1 x 104, 3.3 x 104 and 4.0 x 104 copies 
of the gene per gram of soil for Warwick, Biloela and Jimbour, respectively; for amoA 
the average copy numbers for the same sites were 1.3 x 103, 6.2 x 102 and 2.5 x 103 
(P < 0.05). For amoA genes, the abundance of AOA (ammonia-oxidizing archaea) was 
significantly higher for Warwick and Jimbour under offset-disc compared with AOB 
(ammonia-oxidising bacteria) at both depths (P < 0.05). However, Biloela and Jimbour 
under chisel showed differences in abundance according to depth. Only Biloela 
revealed higher AOB on top soils, meanwhile for subsoils no differences were 
observed between AOA and AOB. At Jimbour under chisel, AOA were more abundant 
in top communities compared with AOB (P < 0.05), while no differences were observed 
in subsoils (P > 0.05). 
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Figure 1. Copy numbers per gram of dry soil of the genes nifH, amoA (archaea) and 
amoB (bacteria) at Warwick, Biloela and Jimbour sites. Treatments are no-tillage (NT), 
one tillage pass (1T), two tillage passes (2T) and three tillage passes (3T). Samples 
were collected after 17, 10 or 2 weeks (-17W, -10W, -2W) of last tillage. At Warwick 
site, soils were collected one year after tillage application. Significant differences 
between ST and treatments are marked with a grey circle. Distinct upper case letters 
indicate differences between treatments at 0.0 to 0.1 m depth. Distinct lower case 
letters indicate differences between treatments at 0.1 to 0.2 m depth. Asterisks 
indicate differences between depths.  
 
After one year of tillage implementation at the Warwick site, ST significantly increased 
the abundance of nifH and AOB genes in no-till systems (P < 0.05). AOB gene 
abundance was significantly increased at both depths, meanwhile nifH increased only 
in subsoil samples. Differences in the number of gene copies between soil profiles 
were observed for nifH and AOB. Only CT control treatments showed higher copy 
numbers of nifH in shallow profiles. Alternatively, AOB abundance was significantly 
higher for all treatments in subsoil samples. Comparing the two land management 
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systems altogether (NT and CT), we only observed significant differences for nifH 
genes, which was present at higher abundance in CT compared to NT in shallow soils.  
 
In Biloela, top soil communities showed a significant reduction of nifH genes after ST 
application. However, two-times tillage treatment (2T-10W) showed no significant 
difference compared to NT treatment. Meanwhile for subsoil samples, nifH abundance 
was significantly increased after one-time tillage in December (1T-17W). For AOB 
genes, one-time tillage in March (1T-2W) had the highest number of gene copies 
compared to NT in surface soils. However, three-time tillage (3T-2W) showed a 
decreasing trend in the number of AOB gene copies in shallow soil communities. In 
subsoils, AOB genes decreased significantly after one-time tillage in December (1T-
17W). For all three genes studied, we observed a higher number of copies in surface 
soils compared to subsoil samples. However, only some treatments showed 
differences between depths. For instance, NT treatments and two-times tillage (2T-
10W) showed significant differences only for nifH and AOB. All treatments under one-
time tillage (1T-17W, 1T-10W and 1T-2W) showed significant differences between soil 
profiles for AOB. For AOA, only one-time tillage in December (1T-17W) showed a 
significant difference between profiles. 
 
At the Jimbour site, two-times tillage (2T-10W) increased the abundance of AOB 
genes when ST was applied with chisel in top soils. In subsoils, one-time tillage in 
December (1T-17W) increased the number of AOB copies by 72%. When ST was 
applied with offset-disc, one-time tillage in January and two-times tillage (1T-10W and 
2T-10W) were significantly higher than NT in subsoils. For AOA genes, two-times 
tillage (2T-10W) showed an abundance increase of nearly 50% for subsoils. 
Treatments with a significant difference between soil profiles revealed a tendency 
towards higher abundance of the genes in subsoils samples. The opposite was found 
for two-times tillage with chisel (2T-10W), which showed a higher number of AOB in 
top soils compared to subsoils.  
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Discussion 
 
Our study revealed that ST affected the abundance of genes associated with the 
nitrogen cycle using different tillage frequencies and tools. Most soils hold a variety of 
nitrogen fixing microbial populations that includes an array of members of the domains 
Bacteria and Archaea (Dixon and Kahn 2004). The increase of nifH genes after ST 
application may be due to the incorporation of stubble in the soil, which has been 
demonstrated to influence the abundance of free-living nitrogen-fixing organisms that 
use stubble as a carbon source (Herridge, et al. 2008, Wakelin, et al. 2007, Wakelin, 
et al. 2010). For instance, Jimbour soils that received one or two ST applications with 
offset-disc had an increased abundance of nifH compared to NT in January 2013 for 
subsoil samples. Because of its deeper soil penetration, offset disc tends to bury more 
stubble bringing more C sources into soils and subsequently boosting nitrogen fixing 
communities (Raper 2002). Furthermore, Gupta and Roper (2010) suggested that soil 
matrix influences the survival of microbial nitrogen fixing communities by the formation 
of aggregates that can act as a protective barrier against external disturbance. 
However, in our short-term experiment different timings and frequencies of ST reduced 
the nifH gene abundance at the Biloela site in surface soils. Previous reports have 
suggested that inorganic forms of N can alter the abundance of diazotroph 
communities by inhibiting the nitrogenase enzyme (Peoples and Craswell 1992, Poly, 
et al. 2001).  
 
Following potential nitrogen fixation, ammonia oxidation by bacteria and archaea (AOB 
and AOA) play a key role in the nitrification process. Tillage aerates soils that prompt 
nitrogen mineralization and nitrate accumulation, triggering AOB and AOA 
abundances (Cavagnaro, et al. 2008, Jackson, et al. 2003). No significant differences 
in AOB and AOA gene abundances were found between CT and NT at the Warwick 
site. We hypothesize that soil microbial communities under a regular disturbance as 
in CT have a faster recovery. Thus no major changes have been detected 11 months 
after tillage possibly because gene abundances may have already returned to their 
original status before implementation of the tillage treatment. Similar results were 
previously shown by Bissett, et al. (2014) in soils under constant disturbance. 
However, we found that the implementation of ST in NT systems increased AOB 
communities after one year of deployment at both soil depths. Previous studies have 
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revealed that AOB tends to be increased in frequently disturbed soils rather than 
undisturbed soils (Bruns, et al. 1999, Patra, et al. 2005). Tillage frequency and tool of 
application seems to have a major effect depending on the site. ST applied with chisel 
tends to generate major changes in AOB abundance compared to offset-disc, whose 
effect was negligible. At Biloela, the significant increase of AOB after one tillage 
treatment in March (1T-2W) was associated with the time of soil collection. The 
disruption of aggregates may have enhanced AOB abundance and generated several 
C sources. However, if tillage is more frequent (3T-2W), AOB abundance was 
significantly reduced, probably due to a lack of C sources. For subsoils, AOB tend to 
have lower abundances than top-soil communities. One-time tillage in December (1T-
17W) showed the only significant decrease in AOB abundance, probably due to a 
lower availability of substrates and the difference in time between sampling and tillage 
operation and/or environmental changes during the fallow period. At Jimbour, subsoils 
showed major increases after one-time tillage in December with chisel (1T-17W) and 
two-times tillage (2T-10W) with chisel on top-soil communities. We hypothesize that 
microbes have additional sources of mineral N following aggregates disruption. 
Differences between sites may be associated with variations in geomorphic zones as 
shown by Hayden et al., (2010) who demonstrated that differences in abundance of 
amoA were more related to soil chemistry and microbial biomass carbon. 
 
ST was shown to have minimal impact in the abundance of AOA in the present study. 
Nonetheless, Jimbour under offset-disc showed an increase of AOA after two-times 
tillage (2T-10W) in subsoils. Differences in AOA abundance have been previously 
associated with changes in salinity and pH (Hayden, et al. 2010, Sher, et al. 2013). 
However, physico-chemical properties studied for this soil showed no significant 
differences compared to NT treatments. Furthermore, previous studies suggested that 
AOA communities tend to increase when no fertilizer is added to soils or under low 
content of ammonium (Taylor, et al. 2012, Verhamme, et al. 2011). According to our 
results, the frequency and implements used for tillage application may have 
contributed to breaking down organic matter, which increases the mineralization of 
organic C. We found that AOA showed higher abundance at all sites compared to AOB 
communities. Current research suggests a differentiation in the input of ammonia 
oxidation processes from AOA and AOB due to niche separation and biotic and abiotic 
disturbance (Hatzenpichler 2012, Prosser and Nicol 2012). Marimoto et al., 2011 
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showed that nitrification activities and abundances of ammonia oxidising communities 
are affected by the soil type under cropping. Therefore, it is possible that physico-
chemical properties of Vertisols foster conditions that benefit AOA communities at all 
sites. Overall, Vertisols properties include sodicity, low nutrients and low microbial 
community abundance in subsoils (Dang, et al. 2006)  
 
Our results reveal an effect of occasional tillage on the abundance of genes involved 
in the nitrogen cycle in soils under no-tillage systems, namely nifH and amoA genes. 
Our findings indicate that for the application of ST it is necessary to take into account 
the time and frequency of the tillage to prevent negative impacts on soil microbial 
communities. Changes in gene abundances were related to soil characteristics as well 
as the type of tillage applied. It is clear that land management and physico-chemical 
properties of Vertisols play a key role in the abundance of microbial communities 
involved in nitrogen fixation and ammonia oxidation. To this end, the use of chisel disc 
and less frequent tillage considering sufficient soil moisture is recommended. Further 
studies are required to better understand the contribution of the microbial consortia 
associated to N transformations in the context of farming strategies involving strategic 
tillage.  
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Supplementary material 
 
Table S1. Soil properties for Warwick, Biloela and Jimbour 
 
 
 
  
EC ds/m BD g/cm
3
Tool Treatments 0.0-0.1 m 0.1-0.2 m 0.0-0.1 m 0.1-0.2 m 0.0-0.1 m 0.1-0.2 m 0.0-0.1 m 0.1-0.2 m 0.0-0.1 m 0.1-0.2 m 0.0-0.1 m 0.1-0.2 m
NT 7.1 7.4 92.08 (±3.4) 80.83 (±10.3) 17.33 (±1.01) 15.87 (±0.36) 0.1 0.1 - - 25.82 48.21
NT+ST 7.2 7.5 87.08 (±5.7) 88.7 (±7.7) 18.94 (±0.85) 16.70 (±0.42) 0.1 0.2 - - 28.12 45.62
CT 7.7 7.9 85.18 (±4.6) 100.1 (±14.4) 18.14 (±2.17) 16.58 (±0.69) 0.1 0.2 - - 19.67 47.99
CT+ST 7.7 7.8 89.39 (±17.9) 82.07 (±7.9) 16.40 (±0.56) 16.16 (±1.21) 0.2 0.2 - - 23.99 47.31
NT 8.5 8.5 8.7 (±1.76) < 2 8.0 (±0.29) 6.7 (±0.26) 0.2 0.2 1.36 1.57 36.86 41.05
1T-17W 8.6 8.5 8.7 (±1.20) < 2 8.4 (±0.23) 7.6 (±1.07) 0.2 0.1 1.16 1.68 32.44 43.95
1T-10W 8.7 8.3 7.7 (±1.86) < 2 8.1 (±0.16) 7.0 (±0.65) 0.2 0.1 1.28 1.62 35.80 42.49
1T-2W 8.6 8.3 7.0 (±0.58) < 2 7.8 (±0.09) 6.8 (±0.36) 0.2 0.1 1.15 1.63 30.27 41.61
2T-10W 8.6 8.4 9.3 (±2.60) < 2 8.2 (±0.40) 7.2 (±0.21) 0.2 0.1 1.18 1.62 32.67 42.86
3T-2W 8.6 8.4 8.7 (±0.88) < 2 8.4 (±0.59) 7.6 (±0.49) 0.2 0.1 1.20 1.61 32.84 40.59
NT 7.7 7.7 17.2 (±2.68) 3.5 (±0.29) 10.3 (±0.43) 9.1 (±0.66) 0.2 0.2 1.38 1.33 36.61 44.32
1T-17W 7.4 7.1 16.9 (±2.00) 3.5 (±0.87) 9.6 (±0.46) 9.0 (±1.16) 0.1 0.05 1.23 1.32 33.53 42.45
1T-10W 7.3 7.4 23.2 (±2.80) 5.5 (±0.29) 11.7 (±0.64) 10.1 (±0.82) 0.1 0.04 1.34 1.36 36.92 43.13
1T-2W 7.0 7.2 22.9 (±4.6) 5.2 (±1.11) 11.3 (±0.82) 10.9 (±2.51) 0.1 0.12 1.43 1.46 36.25 38.98
2T-10W 6.7 7.0 27.6 (±5.83) 8.7 (±3.25) 11.1 (±0.42) 9.5 (±0.72) 0.1 0.06 1.21 1.33 34.26 41.17
3T-2W 6.9 7.4 25.4 (±4.99) 5.5 (±0.65) 11.4 (±0.71) 9.3 (±0.85) 0.1 0.05 1.42 1.38 38.94 40.76
1T-17W 7.2 7.3 21.9 (±3.61) 5.2 (±2.29) 10.6 (±0.43) 8.6 (±0.31) 0.1 0.09 1.38 1.31 43.69 46.67
1T-10W 7.2 7.2 15.4 (±1.51) 3.5 (±0.50) 10.8 (±0.46) 8.7 (±0.66) 0.1 0.07 1.36 1.39 34.84 41.74
1T-2W 7.0 7.5 19.7 (±3.97) 4.5 (±0.29) 11.1 (±0.37) 8.5 (±0.60) 0.1 0.05 1.30 1.29 37.49 43.77
2T-10W 7.2 7.5 25.5 (±2.52) 5.5 (±1.04) 10.4 (±0.32) 9.4 (±1.42) 0.1 0.05 1.11 1.28 29.59 36.89
3T-2W 7.2 7.5 18.9 (±3.08) 3.5 (±0.67) 11.2 (±0.39) 9.0 (±0.28) 0.1 0.05 1.40 1.45 36.17 38.71
Data show pH, total P (P), total organic carbon (TOC), electrical conductivity (EC), bulk density (BD) and moisture content.
 Data for Moisture and BD correspond to soil profile from 0.05 to 0.1 m. Mean values are shown accompanied by standard errors (±SE) 
MoistureTOC mg/gP mg/KgpH.
Warwick
Biloela
2
Jimbour
2
Disc
Chisel
Chisel
Chisel
195 
Conclusions of this study  
 
No-till farming in Australia is an on-going process that provides many benefits such as 
an increase in soil biodiversity, organic matter and soil structure. However, the 
increase in hard-to-kill weeds and the presence of stubble-borne diseases have called 
for more flexible approaches without affecting soil health. In this dissertation, the use 
of ST (or occasional tillage) in Vertisols is proposed as a feasible solution to manage 
constraints of NT systems. My main hypothesis was that when factors like soil water 
content, number of passes, time and tools are taken into account to implement 
strategic tillage, changes restrain to minimum changes in the soil physicochemical and 
biological properties.  
 
The first study (chapter 3) was on the short-term effect of ST in soils under NT and 
CT and two stubble managements (burnt and retained) at Hermitage research station. 
After 15 weeks of tillage application no effects were observed on enzymatic activity 
(FDA), substrate utilisation (Ecoplates Biolog®) or microbial structure (T-RFLP) in the 
top 0.1 m soil profile. However, low enzymatic activity was observed for ST applied in 
NT systems under stubble retained practice (NTSR-ST) compared to CT and CT after 
ST under stubble retained (CTSR and CTSR-ST). The increase of bulk density might 
have impacted biochemical functions due to changes in aggregates and water content. 
The interactions between microbial communities will be defined by the space and 
connections between pores. Furthermore, pores may increase or decrease water 
movement restricting the entrance of oxygen into the pores, thus impacting biological 
processes (Shipitalo and Protz 1987 Can J Soil Sci 67, 445;  Drees et al., 1994 Soil 
Sci Soc Am J 58.2, 508). One year after ST application (chapter 4), no major effects 
were observed on soil microbial activity and diversity after ST application. Changes 
were only observed for single OTUs and single carbon sources. Furthermore, 
differences between soil depths were significant for all treatments. The low impact in 
soil physicochemical properties such as C, N and microbial variables along with 
biomass C and N may have helped to reduce the impact of the occasional tillage event. 
Furthermore, microbial communities may have a high recovery rate and/or 
communities may tolerate disturbance events with minimal changes. 
 
196 
ST takes into account critical aspects before tillage operation. For instance, we 
considered the tillage frequencies (one to three passes), timing (December, January 
and March) and implements (Chisel plow and offset disc) of ST to analyse soil 
microbial communities (chapter 5). I found that ST did not have any significant impact 
on the measured biological indicators at the Biloela and Jimbour sites. The lack of 
changes may be attributed to properties of these Vertisols such as high resistance 
and/or resilience of soil microbial communities after disturbance. Even though no 
changes were observed after ST, the selected bioindicators were sensitive enough to 
show differences between soil depths for microbial activity. The use of different passes 
using chisel or disc during the summer fallow period showed low impact on biological 
indicators evaluated for the soil types included in this study. Therefore, there is 
evidence to suggest that strategic tillage is a suitable practice to reduce constrains on 
NT systems. 
 
Soil microbial communities play a critical role in key soil functions, including nitrogen 
cycling. Hence, the last chapter 6, focuses on the effect of ST on nitrogen cycle genes 
(nifH and amoA) at all sites. It was observed that tillage can increase or decrease 
nitrogen fixing microbial populations depending on the site. Furthermore, differences 
were observed for the abundance of the gene involved in ammonia oxidation. Tillage 
frequency, time and implement used can alter the amount of ammonia in soils. 
Furthermore, ammonia oxidising archaea showed an increase only after two passes 
with offset-disc at Jimbour. This change may be attributed to a decrease in nutrient 
availability that boosts the abundance of ammonia oxidising archaea.  
 
This PhD research has allowed us to understand the short-term effect of occasional 
tillage on soil microbial communities from Vertisols in Australia. Minimal changes were 
evidenced after strategic tillage and soil physicochemical properties seem to play a 
key role in this finding. For instance, the constant shrink-swell properties of this soil 
can be compared to a light mixing thus ST may recreate the same conditions for the 
soil, minimising the differences between tillage treatments. It has been shown that soil 
microbial communities associated with Vertisols seem to either recover fast or not 
change at all after disturbance. However, long term studies are suggested to confirm 
that the lack of differences are not related to the short-term study of this dissertation. 
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Overall, the GRDC project showed a minimum impact of ST in most soil profiles, 
however soils with weak A-horizons were more prone to negative soil quality impact, 
for example a decrease in bulk density (Crawford et al., 2014; Appendix 1). Results of 
this project showed a reduction in weeds and no effect on productivity for the sites 
used in this study. My results suggest that ST may help to alleviate hard-to-kill weed 
growth, soil compaction, nutrient stratification caused by long-term no-tillage 
management; yet, soil structure and properties and the effect on dormant weed seeds 
and soil-borne diseases should be carefully considered for future land management 
decisions.  
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Future prospects  
 
 The present study is limited to Vertisols. More studies on ST tillage implementation 
need to be performed in a wide range of soils and crops. This information will be 
highly valuable to determine the use of occasional tillage in soils under NT. 
 
 Evaluations of soil microbial diversity at Hermitage research station could provide 
valuable insights into resistance and/or resilience of these communities after 
disturbance.  
 
 Further studies on the function of microbial communities associated with wheat 
monocultures may unravel their role in Vertisols and shed light on changes in 
diversity under different land managements. 
 
 Functional approaches will provide a better understanding of changes in the roles 
played by soil microbial communities after strategic tillage in soils with high clay 
content. 
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